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PREFACE

Thermal analysis plays a specific role in the identification and quantitative determination of mineral components of
rocks. In spite of the fact that minerals were the first group of materials studied regularly by using thermoanalytical meth-
ods, the potential offered by these methods is still not fully utilized in the field of earth sciences. The range of thermoana-
Iytical methods applied in earth sciences is rather wide. Most works are based on DTA. DTA data provide indirect analyt-
ical information on a material and the quantification of a reaction is limited. From quantitative phase analysis point of view
it is very important that thermogravimetric measurements give direct and absolute values for thermal reactions making sto-
ichiometric calculation possible. Both DTA (Differential Thermal Analysis) and TG (Thermogravimetry) are undoubtedly
the most widespread methods, whereas the rest are normally applied rather occasionally, to find solution to specific prob-
lems only.

Thermogravimetry dates back to the work of TALABOT who in 1833 equipped a laboratory with thermobalances for qual-
ity control of Chinese silk. Thermogravimetric analysis of the minerals and rocks has been applied systematically since the
mid 1960s. Derivatography, the technique of simultaneous thermal analytical measurement developed by PAULIKs was a
combination of TG and DTA. The measure the rate of change of the sample property with temperature, later the sample
controlled thermal analysis or controlled rate thermal analysis (quasi-thermogravimetry) and the computerized new gener-
ation of these equipments received the possibility to the author during 40 years to analyze about 30 000 geological samples.
The experiences of this long time permit of the systematization of the thermal reactions of the minerals and made reason-
able the compilation of this book. Handbook for geological samples based on thermogravimetry earlier only the otherwise
excellent publication by TODOR in 1972.

Maria FOLDVARI
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MEASUREMENT METHODS AND SYSTEM OF
THERMAL REACTIONS OF MINERALS



INTRODUCTION TO THE THERMOANALYTICAL METHODS

The International Confederation for Thermal Analysis and Calorimetry has published several recommendations for the

nomenclature, standardizing and publishing of results of thermal analysis.

Thermal analysis is a group of analytical techniques in which physical properties or chemical reactions of a substance
are measured as a function of temperature. The classification of the individual thermoanalytical techniques are summarised

in Table 1.

Thermoanalytical techniques

Table 1. Individual thermoanalytical techniques

Property Technigue Abhreviation MNaotes
Heat Calorimetry
Temperature Thermometry May also hel qescnbed as heating or
cooling curves
o CTh T I . Ao Temperature dilTerence hetween a
Temperature Thillerence Dillerentnal Thermal Analysis NTA sample and a reference material
0 . . e ] ] Ileat flow rate difference between a
1leat llow Rate Differential Scanning Calorimetry | DSC sample and a reference maleral
Mass Thermogravimetry or TG
- Thermograyimelriec Anglysis TGA
Dynamic Mechanical Analysis DMA Modulics are determined
Dimensional and Mechanical '_lr'{llermomechanjcal Analysis ™A Deformation of the substance uud.gr
ermodilatometry, compression, lension, (lexure, (orsion or
& linear elasticity
*  volumetric m Dimensions are measured
Mclectric Thermal Analysis DEA Dielecine Constant/Diclecine Toss
Llectrical measured
Thermally Stimulated Current 1SC Current
Magnetic characteristics Thermomagneiomelry ™ Magnetic susceplibility
Evolved Gas Analysis FGA he nature and/or amount of
masvapour is determined
s gasyolumelry s volume -
: s heatconductivity
o thermogastitrimetry, TGT » malure and amount by Giration
Gas flow e nature and amount by mass
*  mass spectrometry MS i Y s
speciromeler
e high temperature TR HTIR * nature and z}mnunt by IR
spectrometry spectrometry
- - Trapped radwactve gas within the
FEmanation Thermal Analysis FETA sampplle released and ﬁ]easured
Fyolution of gas is detected by pressure
Thermomanometry change
Pressure ™ Pressure exerted by a dense sample on
Thermobarometry the walls of a constunt volume cell is
sludied
Thermooptometry (Thermomicroscopy)
thermophotometry o measurement of Lotal light
«  thermorelractometry *  determination ol relractive index
Optical characteristics e determination of reflection
* dynamic reflection DRS
spectromelry »  cmission ol hight
Thermoluminescence L
Thermosonimetry o sound emitted by the substance
Acouslic o amposed acoustic waves aller
Thermoacouslometry passing through the substance
Compositional or chemical nature of the
ThermodilTractomelry sample are studied
Structure High temperalure X-ray analysis
Thermospectrometry LITRA Measured of light of specific

wawelenghi(s)

Reactions 1 solulion

Thermomeiric titrimelry

A technique in which the temperature difference between a substance and a reference material is measured as a func-
tion of temperature whilst the substance and reference material are subjected to the same controlled temperature pro-

gramme.
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Differential thermal analysis (DTA)




The technique requires the use of a reference material, which is a known substance, usually inactive thermally (inert
material) over the temperature range interest. Important features of the reference material are that the thermal characteris-
tic (specific heat, conductivity etc.) and the particle size should be very similar to that of the sample.

The most commonly used reference materials:

— calcined a-Al O,

— calcined MgO,

— a part of the of the sample precalcined to 1000 °C,

— calcined quartz-free kaolinite,

— quartz.

Thermogravimetry (TG)

A technique in which the mass of a substance is measured as a function of temperature while the substance is subject-
ed to a controlled temperature programme.

Evolved Gas Analysis (EGA)

A technique in which the nature and/or amount of volatile product(s) released by a substance are/is measured as a func-
tion of temperature whilst the substance is subjected to a controlled temperature programme.

Derivative technique

The derivative technique yields the first derivative of the original thermal curve with the respect to either time or tem-
perature. It may be possible to measure the rate of property change. These curves give a higher resolution and present more
accurately the specific temperature characteristics. The derivative curves obtained by using different instrumental tech-
niques or by computerized derivation. If necessary the second derivative of the primary curves may also be displayed by
deriving (e.g. TG = DTG — DDTG or DTA — DDTA).

Multiple techniques

— Simultaneous techniques: application of two or more techniques to the same sample at the same time (e.g. simulta-
neous thermogravimetry and differential thermal analysis in derivatograph).

— Coupled simultaneous techniques: application of two or more techniques to the same sample when two instruments
are connected through an interface (e.g. differential thermal analysis and mass spectrometry).

— Combined techniques: application of two or more techniques using separate samples for each technique.

Experimental conditions

Thermal measurements can be carried out:
1. With different heating techniques:
a) Under dynamic temperature change:
— heating:
— linear or constant rate e.g. temperature/time curve is linearly programmed.
— cooling:
— according to heat-incapacity of the furnace,,
— programmed (cooling rate less than the heat-incapacity of the furnace).
b) Under static conditions:
— isothermal,
— quasi isothermal (at a quasi equilibrium condition i.e. self regulation by the constant partial pressure of the
volatile products, Q-TG, Q-DTG, Q-DTA etc.),
— special quasi isothermal (at a quasi equilibrium condition combined by timing).
¢) Combined.
2. Under different types of gas atmosphere: air, oxygen, nitrogen, argon, helium (20% O,, 80% He) or in vacuum.

Thermoanalytical parameters

The following tables summarise the principles of the most important definitions which are used in earth sciences and in this
book (Table 2, 3).
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Table 2. Dimensions of thermoanalytical parameters (the recommended SI symbols should be

used)
Abbreviation | Parameter Symbal Units
T lemperature T CorK
t time t S (min, h)
q heat of reaction AIT joule/mg
DT heating rate B=dT/di “Cfmin, Ks™
DIA differential thermal analysis curve Al C
TG mass, thermogravimelry curve m myg or %
DTG derivative thermogravimetry cutve dm/dt or dm/dT | mg/min or mg/*C
1G1 thermogastitrimetry curve v cm orml
DTGT derivative thermogasiiirimelry curve dv/di or dv/dT em’/min_or ml/*C
DLGAS pas release mjz -
order ol reaction n -
aclivalion energy E kyoule/mol
fraction reacted o %

Table 3.

Conventions of recording

Curve

Ordinate

Absecissa

TG

masy decreasing downwards

DTG

mass losses downwards

Q-TG

mass decreasing downwards

t or | increasing from left to right

dljdt

DTA

cndothermic reaction downwards

Nomenclature of DTA and TG curves

A formalized DTA curve is shown in Figure 1.

Base line: AB and DE correspond to the portion or portions of the DTA curve for which AT is approximately zero.
Peak: BCD is that portion of the DTA curve which departs from and subsequently returns to the base line.

Tort—»

Figure 1. Formalized DTA curve

Initial temperature: B (characteristic reaction temperature) deter-
mination is approximate

Final temperature: D (the sample again has the same temperature
as the inert material, AT = 0).

Peak temperature: point of intersection of CF and the temperature
axis (maximum rate of reaction) can be measured quite accurately.

Endothermic peak: is a peak where the temperature of the sample
falls below that of the reference material (AT is negative).

Exothermic peak: is a peak where the temperature of the sample
rises above that of the reference material (AT is positive).

Peak width (reaction temperature range): B’D’ is the time or tem-
perature interval between the points of departure from and return to
the base line.

Peak width at half height: reaction width at AT/2.

Peak height: CF is the distance vertical to the time or temperature
axis, between the interpolated base line and the peak tip.

Peak area: BCDB is the area enclosed between the peak and the interpolated base line. There are several ways to inter-

polate the base line. (Later Figure 6 gives only an example.) Locations of B and D depend on the method of interpolation
of the base line (reaction heat DH).

Extrapolated onset: G is the point of intersection of the tangent drawn at the point of greatest slope on the leading edge

Tort ——

Figure 2. Formalized TG curve
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of the peak (BC) with the extrapolated base line.

Base line of DTA curve is where AT is zero.

Base line shift: y difference between the specific heat of the orig-
inal sample and its reaction product.

All definitions refer to a single peak such as that shown in Figure
1; multiple peak system, showing shoulders or more than one maxi-
mum or minimum, can be considered to result from the superposition
of single peaks.

While the true characteristic reaction temperature can be deter-
mined only approximately, the peak temperature can be measured
quite accurately.



A formalized TG curve is shown in Figure 2.

Plateau: AB is that part of the TG curve where the weight is essentially constant.

Initial temperature (T,) B is the temperature (on the Celsius or Kelvin scales) at which the cumulative weight reaches a
magnitude that the thermobalance can detect.

Final temperature (T,) C is the temperature (on the Celsius or Kelvin scales) at which the cumulative weight reaches a
maximum.

The reaction interval is the temperature difference between T, and T, as defined above.

All definitions refer to a single-step process, multistage processes can be considered as resulting from a series of single-
step processes.

Description of the shape of thermoanalytical curves (DTA, DTG)

Parameters (Table 4) characterize the four empirical properties of a peak:
1. position of the peak along the temperature axis: suchas T . T |
2. width: AT(a,,a,), W,
3. asymmetry:a . R etc.

4. sharpness/flatness of the peak: U etc.
Form: shoulder.

Table 4. Empirical parameters for the description of peak shape

Parameter Description
[ temperature ol the peak maximum
Ty, temperature relevant to a particular reacted fraction (o)
1), TG temperature of inflexion points
AT(w i), =T, - T | width
W ={da/d]) B reciprocal of the maxmum rate ol ranslormation

AT(0.810.2)
T i max (.6

Wi

_ AT(@,0.2) "N N

R, AT(0.8,0.2) sharpness
Calibration

The apparatus should be calibrated before starting investigations and later after almost 200 runs.

Temperature and DTA calibration

Based on the recommendation of ICTA (International Confederation for Thermal Analysis) Committee on
Standardization solid I 1 solid II first order phase transitions would be preferable for use in dynamic DTA (Table 5).

Table 5. Available Certified Reference Materials

R Todizal (on set) Peak Hcam_ of transition e
Material e : . joule/mg NBS-ICTA*
temperature “C | temperatare “C
(peak area)
KNO, 12§ 135 0.0546 (GM-758
KCIO, 299 309 0.1008 GM-758
Ag S50, 424 433 0.0252 (M-759
Si0, 5T 574 0.0105 GM-759
K50, 382 S8 0.0462 (:M-759
K.Cr, 6635 673 0.0546 GM-759
Ba('(), 808 819 (0.0840 (:M-760
SrC0, 928 938 0.1344 GM-760

*National Bureau of Standards
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Evaluation of DTA peak resolution

4:1 mixture (by weight) of SiO, and K SO,
AT/dt 10 °Cmin™
Reactions:
1. at 574 °C: transition of a-quartz — PB-quartz,
2. at 583 °C: transition of K SO, rhombic = K SO, hexagonal value of
the resolution:

AT[C]0]

{ P
percent resolution = |:I 00-/1-2 ﬂ )

-10 1 l\ x/_.

T T T
500 600 700 where x = the height of SiO, peak,
T [°C ] y = the minimum deviation the experimental curve from the base-line in region
between the peaks.

Figure 3. Determination of peak resolution

Other materials usually used for calibration

Heat of reaction (AH)
C_H,,0, (sacharose = cane sugar) during the reaction: C H O +120, = 12CO_+11H,0.

127722711 127722711
During the reaction the combustion heat (peak area) 16.51 joule/mg.

TG calibration

KHCO, at 170 °C (heating rate: 5 Kmin™) KHCO, = CO,+H,0+K,CO,.
Theoretical mass loss based on the reaction is 31%.

DTG calibration

Total evaporation of methanol (CH,OH).

Effects influencing thermoanalytical curves

In thermal analysis the influence of all the apparative and preparative factors is much greater than in other mineralogi-
cal techniques (e.g. X-ray method):

1. Experimental conditions
— Apparative factors:
— heating rate (with increasing heating rate peak temperature shifts higher and,
— shape of DTA peak also changes),
— sample arrangement,
— furnace atmosphere,
— shape of crucible,
— thermocouple, etc.
— Preparation:
— packing density,
— grain size,
— amount of the sample,
— humidity of the air in the laboratory (dehydration of clay minerals), etc.
2. Properties of the substance

Reasons of the drift of base line in DTA curves:
— differences in heat conductivity and heat capacity of the sample and inert substance (partial elimination: mixing
the sample with inert material or reducing the sample amount),
— difference between the specific heat of the original sample and its reaction product,
— imperfect centring of the sample holder in the furnace.
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Standardization

Consequences of influencing experimental conditions: As much as possible the mineralogical thermoanalytical investi-
gation should be made under standard conditions (Table 6 and 7) to get comparable and reproducible results.

Table 6. Proposed standard conditions of the thermoanalytical investiga- Table 7. Proposed standard conditions of the treatment (by SMYKATZ-
tion of minerals (by SMYKATZ-KLOSS 1974) Kross 1974)
Experimental agent Criterium arduess Mohs | Grinding method
Am'mmt of samr_nle material 100 me+20 mg ALO, (mixed) very hard sample 6.5 3 min. grinding by hand in a corundum
Relerence malerial 150 mg annealed ALQ, rirmr!:ar e T
. - Clay minerals: 0.6-2 u & min. grinding in an agate mill (machine)
Grain size of sample material - ard s 3-6.5 | at low velocity (5 ! alls of
yram size of sample matenial - =or =m0 Nz hard sample 4.5-0.5 “J'.'I?Ig“c r:](‘}%(‘]lt} {500 g volume, 3 balls of
Lurnace atmosphere air, without any current or turbulence p : s |Zmn pulverizing by hand m agale
Thermocouple PLPIRBIO, 0.1 0.3 mm & soft sample S hortar
Ileating rate 10 "C/min
Packing density Loose packed. no pressing

In the case of investigating a series of similar samples it is absolutely necessary to analyse always under the same conditions.
Each published thermoanalytical curve should be completed by the information on all conditions of the analysis.

Recommendations of ICTA Nomenclature Committee
for reporting thermal analysis results

— Identification of all substances (sample, reference, diluent) by a definitive name, an empirical formula, or equivalent
compositional data.

— The origin of all substances, details of their histories, pre-treatment and chemical purities, so far as these are known.

— Measurement of the average rate of linear temperature change over the temperature range involving the phenomena
of interest. Non-linear temperature programming should be described in detail.

— Identification of the sample atmosphere by pressure, composition and purity; whether the atmosphere is static, self-gener-
ated, or dynamic through or over the sample. Where applicable, the ambient atmospheric pressure and humidity should be spec-
ified. If the pressure is other than atmospheric, full details of the method of control should be given.

— A statement of the dimensions, geometry and material of the sample holder (open, closed).

— A statement of the method of loading (quasi-static, dynamic) where applicable.

— Identification of the abscissa scale in terms of time or of temperature at a specific location. Time or temperature
should be plotted to increase from left to right.

— Information about the methods applied to identify intermediates or final products.

— Faithful reproduction of all origin records.

— Identification of the apparatus used by type and/or commercial name

The following additional details are also necessary in the report of DTA data:

— Wherever possible, each thermal effect should be identified and supplementary supporting evidence stated.

— Sample weight and dilution of the sample, particle size.

— Use of grinding apparatus, size fractionation methods.

— Geometry and materials of the thermocouples and the location of the differential and temperature-measuring ther-
mocouples.

— The ordinate scale should indicate deflection per degree Centigrade at a specified temperature. Preferred plotting will
indicate upward deflection as a positive temperature differential, and downward deflection as a negative temperature differ-
ential, with respect to the reference. Deviations from this practice should be clearly marked.

The following additional details are also necessary in the report of TG data:

— A statement of the sample weight and weight scale for the ordinate. Weight loss should be plotted as a downward
trend and deviation from this practice should be clearly marked. Additional scales (e.g. fractional decomposition, molecu-
lar composition) may be used for the ordinate when desired.

— If derivative thermogravimetry is employed, then method of obtaining the derivative should be indicated and the units
of the ordinate specified.

The following additional details are also necessary in the report of each EGA or EGD record:

— Method (MS, GC, specific detector).

— Interface (time delay, trapping).

— A clear statement of the temperature environment of the sample during reaction.

— Identification of the ordinate scale in specific terms where possible. In general, increasing concentration of evolved
gas should be plotted upwards. Deviations from these practices should be clearly marked.

Data acquisition and manipulation by computers:

— How many bits A/D conversion?

— It should be possible to view the raw data prior to any smoothing.
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— Equations used in the derivation of properties need to be either given in the handbook or references to the literature
are required. An example is the form of the equation used in kinetic analysis.
— How often the signal sampled? How many points are averaged? What base line treatment is actually used?

sksksk

References for thermoanalytical methods: 50, 142, 237, 509, 554, 555, 556, 632, 671, 691, 692, 698, 724, 725, 727, 842,
877, 879, 1006, 1193, 1194

THERMOGRAVIMETRIC INVESTIGATION TECHNIQUES AND METHODS

Techniques

Quantitative determination based on mass-change

Quantitative determination methods applied in thermal analysis can be based upon the measurement of DTA peak areas
using calibration curves, whereas in the case of decomposition reactions they can be performed by applying the PA (Proben
Abhingigkeit = curve of sample amount dependence) curves using the logarithmic relation between the temperature of the
decomposition reaction and concentration. However, these methods offer the possibility of semi-quantitative estimation,
only. The most suitable methods for quantitative determination are measurements based on mass-changes in the course of
decomposition (possibly oxidation and reduction) processes. The advantage of this method is, as compared to any other
instrument-based methods of phase analysis, that directly obtained parameters, each with absolute value are used. Within
the accuracy range of the analytical balance applied for plotting the TG curves, thermogravimetry may represent one of the
most precise analytical methods. Here, from the mass-
change in a given reaction, and with the knowledge of ther-
mochemical reaction equation the mass percent ratio can be
determined for the mineral component in the sample.

The stoichiometric factor introduced for quantitative
determination is as follows:

r17.4 M
43.56 % f=—,

ko
m

r8.7

F26.1 .
< where M = molecular mass of the mineral,

m = mass-change during the given reaction.

k34,9 Theoretical thermal reaction of calcite (Figure 4):
CaCO, = Ca0O+CO,-

. . ‘ . \ , . e Molar mass 100 56 44
0 200 400 °C 600 800 1000 Stoichiometric factor: 2.27.
Calcite content in the sample of Figure 4 = 99%.
Accuracy of determination based on thermogravimetric
measurement and the limits of phase detection are different for each mineral. In a multicomponent system the accurate deter-
mination of the composition is more difficult than others. For instance, although the weight change of a sample can be found
out by means of thermobalance with an accuracy of + 0.1%, the amounts of the individual components of minerals can be
determined often only with accuracy lower by several orders of magnitude. This fact attributed to three causes.

The most frequent and difficult problem is caused by the circumstance that the individual mineral components decom-
pose closely after one another. Whereas in a favourable case the overlapping of the decomposition only decreases the accu-
racy of the determination, under disadvantageous conditions it may totally hinder even the identification of the components.

Theoretically, minerals, for which the stoichiometric factor of the decomposition reaction is the lowest, can be deter-
mined with the highest accuracy. For reactions with high stoichiometric factors, the small mass-change and the eventual
measurement errors multiplied due to the factor may reduce considerably the accuracy of the measurement and in this case
all we can obtain is a semi-quantitative estimation.

In accordance with the above statements, the different minerals can be arranged in the following order:

I. Sublimatory minerals (sulphur, cinnabar)  f=I,

Figure 4. TG curve of calcite (Triassic limestone, Gerecse Mts, Hungary)

II. Sulphates (determined from SO,) f=2-6,
Hydroxides (determined from H20 f=1.5-10,
Carbonates (determined from CO,) f=2-10,

II. Phosphates (determined from H,O) f=2-20,
Zeolites f=4-15,
Phyllosilicates =7-30,

IV. Certain neso-, soro- and inosilicates £>20.
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Accuracy of determination is also influenced by the question

whether the reaction is really of stoichiometric type, or not.
. Lo . . TG base line
Examples for varying, non-stoichiometrical reactions are repre-

sented by the decomposition of gibbsite or by the decomposition

reaction of siderite. Determination can also be influenced by the

possible substitution within the minerals, and the lack of its knowl-
edge will make the stoichiometric calculation inaccurate. TG

Substitutions should be frequently recognized for phyllosili-

cates, but are also frequent among carbonates and other minerals.
TG-S

The reliability of accuracy of measurement is higher if the miner-
al concerned has more than one reaction suitable for determination.
If the furnace is heated up the TG curve moves in the direction
of mass increase (sample mass is constant). In the initial period of
heating (up to 100-150 °C) this change is rapid, slowing and  pigure 5. TG base line and TG curves of CuSO,-5H,0
becoming smaller later (Figure 5). The reason is the convections (after BALCEROVWIAK 1988)
stream, the changes and the density changes of the gas medium ~ TO=measured, TG-S = corrected TG curve
inside the furnace (buoyancy). It is evident that neglecting these changes will cause inevitable errors in the interpretation
of TG data. Changes in the TG curve (base line) are not large in absolute scale but they — especially in case of a little
amount of sample — are perceptible and correctable.

Derivative Thermogravimetry (DTG, DDTG)

0 0
L6 DTG F3.2
r3.2 6.4
g 0/u '%
L1908 DDTG -6
I — ik NPT
26,4 12.8

16.1

; ; 3 T T 33 0 200 400 °C 600 800 1000
0 60 120 °C 180 240 300

Figure 6. TG and DTG curves of the dehydration of CuSO,-5H,0 Figure 7. Separation of the overlapped reactions of boehmite and kaoli-
nite by DDTG (bauxite, Nyirdd, Hungary)

Resolution of the individual steps of more complex TG curves can be improved by examining the derivative DTG curves
(Figure 6). The DTG curve is the representation of the rate of weight loss. The DTG peaks indicate the specific tempera-
tures characteristic of the different mineral components more accurately than the TG curve. The DTG peak indicates char-
acteristic decomposition temperatures.

The second derivate of thermogravimetric curve (DDTG) gives new possibilities for detailed investigations. The
method is useful for the separation of overlapping reactions with good results. Decompositions of boehmite and kaolinite
often overlap between 400 and 650 °C (Figure 7).

u

Sample controlled Thermal Analysis /\,

(or controlled rate Thermal Analysis) 3

Instead of linear heating more complex temperature pro-
grammes can be applied. Beside the isotherm, the combina- Q-DTG
tion of linear and isotherm used frequently the different
methods of constant rate programs. For the regulation the 9.3
pressure or the mass-change of evolved gas can be used
(ROUQUEROL 1970, 1973, PAULIK, J., PauLIK, F. 1971a, b, Q-TG
PAauLIK, F., PAULIK, J. 1972, 1973).

| 6.2

Figure 8. Separation of the overlapped reactions of boehmite and kaolinite : . : ; 15.5
by Q-DTG (bauxite, Nyirdd, Hungary) 0 140 280 °C 420 560 700




In the case of derivatograph a specially designed crucible is used, where a self-generated atmospheric pressure surrounds the
sample which in this way decomposes under “quasi-isothermal—quasi-isobaric” conditions. As soon as a mass-change begins
and reaches a given value the heating stops. This controlling cycle is repeated over-and-over until the end of the reaction.

These methods make the shapes of thermal curves independent of the effects of experimental conditions by eliminating
the effects of heat and gas transfer, helping to separate the overlapping reactions (Figure 8), to characterise the types or to
interpret the mechanism and kinetics of a reaction.

Coupled simultaneous techniques, EGA methods

Thermal analytic techniques (DTA, TG) can detect only thermal effects or mass-changes, but do not identify decom-
position products. Simultaneous TG, DTG and DTA examinations may be supplemented by EGA. Different kinds of
evolved gas analysis (EGA) methods may help to determine the nature and amount of the evolved product or separate
such overlapped reactions of gas products. The most frequent components of decompositions are water, CO, and SO,
(SO,).

/2% simple EGA method is the continuous and selective water detector where a hygroscopic reagent absorbs the water
from the evolved gas mixture and other gases do not interfere. Quantitation is based on the calibration of detected curves.
The device can be modified with “hopcalite” catalyst for the continuous determination of CO, and of soda lime for CO,
determination.

Another indirect chemical EGA method is thermo-gas-titrimetry (TGT) (Table 8, Figure 9). The thermogastitric method
is based on the selective direct determination of SO, and CO, evolved from the heated sample and the indirect analysis of

Table 8. Schema of thermo-gas-titrimetric determination of different compo-

nents
Atmosphere n oxygen In nitrogen TJiil'erenLiﬂ curves
pH (0-N)
9.3 €0,50,C,.S | €0,80, C,.S
4.0 50, 8 50, 5
oy | 0t | o [«

water. The thermogas-titrimetric adapter under O, or N, atmosphere as a carrier gas transporter collects the released gases
quantitatively and absorbs them in water therefore the pH of the water is changed. This is sensed by a glass and a reference
electrode couple. As soon as the pH of the solution begins to deviate from the preselected value, the automatic burette
begins to operate, adding NaOH titrant to the absorption liquid so that the pH of this stays constant and titrates the gases in
this way continuously and automatically. The vol-
ume of titrant consumed, recorded as a function of
DTG the temperature, yields the TGT curve.

The most effective and fastest method of gas
analysis is mass spectrometry during which the
investigation of the products of thermal analysis was
dvidt ] B— carried out in vacuum (Figure 10a).

[om?/min] At the TG-GC-MS coupling, the evolved gases
are collected in a cooled solution of dichloro-
methane. After the thermal treatment, the absorption
solution is analyzed by GC-MS. Individual compo-
(%] 0 nents are identified by their mass spectra (Figure
6 10b, c).
3] During the TG-FTIR analysis TG follows
o1 " changes in mass of the sample as a function of tem-
Ls perature and/or time. This analysis gives characteris-
tic information about the composition of the meas-
204 TGT 10 ured sample, in particular the amounts of the various
H15 components. The gases evolved from a sample dur-
ing thermal analysis are passed through a heated
tube from the thermal analyser to an internal gas cell
in the Infrared spectrometer, where a gas spectrum is
recorded. This enables the identification of gases
released directly from the sample or during thermal
treatment.

dm/dt 04
[mg/min]

104

257 TG

T T T T T T T
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°C

Figure 9. Separation of the overlapping reactions of kaolinite and siderite by
thermo-gas-titrimetric determination of siderite
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Figure 10. a) DEGAS — thermogravimetry in vacuum and release of CO,, water and hydrocarbons of a kaoline from Washington County (kaolinite 97%,
anatase 2.5%, crandallite 0.5%) (website www.igw.uni-jena.de/mineral/start.html 2005-09-26), b) TG-DTG plot of a kaolin sample (K2) in He and air at
a heating rate of 20 °C min™' (after CARLEER et al. 1998), ¢) Ion-chromatograms (GC-MS) of gases released by heating of the same sample above in air,
below in He as a function of temperature. Selected mass-ions: ISHZO, 44C02, 48 and 64SOZ, 55 aliphatic hydrocarbons, 91 aromatic hydrocarbons (after

CARLEER et al. 1998)

Other applications in material research and environmental applications have been described demonstrating the possibil-
ity of the combination of TG with relevant detection systems for qualitative and quantitative analyses of the gases evolved

by materials.

Methods

Calculation of virtual kinetic parameters

Calculation of characteristic kinetic parameters of thermal reactions from
thermoanalytical curves started about 40 years ago. A great variety of calcula-
tion methods were developed in the past time and there is great discussion about
the applicability of the methods. Frequent questions in the thermoanalytic liter-
ature are the mathematical procedures and their physico-chemical interpreta-
tion. Independently of the rigorous physico-chemical meaning, the virtual
kinetic parameter triplets [reaction order (n), activation energy (E) and preex-
ponential factor (Ig A)] may be suitable for the numerical characterization of the
reaction investigated and for comparison of samples examined in series. For the
software of the computerized Derivatograph a simple method has been devel-
oped for the estimation of the formal-kinetic parameters (ARNOLD et al. 1987)
and (Figure 11) respectively.

Figure 11. Calculation of virtual kinetic parameters from T, TG and DTG curve

hi = value of the derived weight change (dm/dt) at the selected points (mg/min—1), ai = degree of conversion at
the selected points, Ti = temperatures related to the given points (K), Ci = measured weight at the given point
(mg)

min



The virtual (partial) reaction order calculated by the Kissinger method:
n = 1.26 (a/b)'?,
where a and b are represent sections of the DTG baseline before and after the DTG peak maximum (cut out of the abscisse
meaning the time axis, of tangents drawn at the inflection point of sections preceeding and following the maximum of DTG
peak) after KISSINGER (1957).
The activation energy (kJmol™) according ARNOLD et al. (1987):

E:[ln[l w,) In(l ug'ﬂ.R
(/T -1/T,)

)

where

a = fraction reacted,

T.= temperatures of the half values of the DTG curve (in degrees Kelvin),

R = universal gas constant (kJmol-'deg™).

The given software performs calculations at a decomposition ratio of 20 and 80%.

The computation method yields acceptable results only for one step processes. In the case of overlapping processes of
several steps, the calculated parameters have no sense.

Corrected decomposition temperature

There is a well-known fact that the peak temperature of a decomposition process due to the partial pressure of the
decomposed gas or vapour product depends among others on its amount (ROWLAND, LEWIS 1951, ROBERTSON et al. 1954,
PAULIK, F. et al. 1961, LANGER, KERR 1967). The relation between peak temperature and concentration is logarithmic. Based
on this connection for the semiquantitative determination of different minerals from the DTA curve the so-called PA
(Proben Abhingigkeit = curves of sample amount dependence) curves (Figure 12) were introduced by (SMYKATZ-KLOSS
1974).

T = c-(IogM+T)),
where

T = measured temperature,

M = quantity of investigated phase,

T, = temperature of the decomposition of 1 mg of the phase,

¢ = specific constant of reaction.

The use of corrected (or interpolated) decomposition temperature allows eliminating the temperature differences of a
given reaction caused by the different quantity of the phases participating in the reaction. An extrapolation of the measured
peak temperature considering the mass change during the decomposition process measured on the TG curve compared to a

500 6080
s s || |
e PA cupve of kaolinile from -
= =g £
260 ¥ = 42 974y 1140545 pd e Mesa Al // deviatidn
550 / 2 280 o
¥ —54 /r ® een / .k"_ measured
<11 i f
£ ,.-/ £40 / exirayviated
£10 Va g
P11l / S
o = 1
—4a -02 0= 0.8 L. 13 1.8
05 0 0.5 1 15 2 2.5 log(mg) OH in kaolinite
log(mg) kaolinite Figure 13. Indirect parameters for the characterisation of materials

extrapolated decomposition temperature=peak temperature of 13.95 mg OH of 100
mg of an investigated kaolinite, deviation = peak temperature difference between 100

Figure 12. PA curve of well-ordered kaolinite from Mesa Alta (based on me kaolinite from Mesa Alta and kaolinite examined)

data measured by SMYKATZ-KLOSS 1974)

standard quantity of the decomposed products makes the peak temperature data suitable for direct characterization and com-
parison (FOLDVARI 1999). From the differences between the measured and the comparative standard decomposition temper-
atures (Figure 13) conclusions on other facts which influence the decomposition temperature (crystallinity, substitution, dif-
ferent geological process as weathering, diagenesis etc.) may be drawn.

sksksk

References for thermogravimetric methods: 28, 49, 83, 101, 142, 154, 278, 322, 325, 326, 389, 474, 477, 543, 544, 572,
620, 621, 622, 624, 645, 762, 809, 822, 823, 824, 826, 829, 832, 835, 837, 843, 844, 845, 849, 850, 908, 917, 918, 923, 1006,
1064, 1195
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Supplementary methods

Application of different atmospheres in the measurement may also render a great help. Oxygen atmosphere contributes
to the improvement of the oxidation and combustion processes, and to their restriction to a narrower temperature range,
whereas the application of inert atmosphere may enable to eliminate the oxidation process from the thermal curve.

Another alternative is represented by the different procedures based on treatment e.g.:

— acidic dissolution of carbonates from the sample,

— NaOH treatment for the separation of goethite and hydrargillite (which removes gibbsite but does not affect goethite),

— treatment of organic materials with H,O,,

— catalytic agent to enhance a reaction (combustion increasing catalytic agent) (REisz, INCZEDY 1979),

— additive provoking solid phase reaction to influence a process (e.g. the addition of MgO or CaO in order to shift the
disturbing decomposition reaction of sulphates [sulphides] into higher temperature ranges),

— treatment for the identification and quantitative determination of minerals. The best known ones are those applied for
the identification of clay minerals (e.g. piperidine), and the ethylene glycol treatment, the latter being used also for the quan-
titative determination of swelling clay minerals (FIEDLER, WAGNER 1967).

The different kinds of methods used for phase analysis of rocks are partly complementary to one another and partly serve
for the verification of one another (FOLDVARI, FARKAS 1985) and Table 9 respectively.

Table 9. Joint use of instrument-based mineralogical phase analytical methods (DTA-TG, XRD, IR)

livaluation type X-ray diffraction Thermogravimetry IR-spectroscopy
(Qualitative analysis, identitication | generally (suitable for partial (only the thermally active .
P - i o . - - restricted
of minerals detecting all crystalline phases) | minerals)
relative method abslnllpc method (based on the pzas_cd on cal!branqn curvies of the
stoichiometry of mass change) individual minerals

Quantitative determination
the aecuraey of the measurement may

o . : resiricied
vary Irom mineral lo mineral.

serm-quaniitative

substilulion, degree of
erystallimty, polylype
modilication, grain size

Individval mineral properties
(submineralogical features)

substitution, degree ol erystallinity, substitution, degree ol
polytype modification crystallinity, polytype modification

Although the determination of the individual properties of different minerals, in a stricter sense, is not included within
the range the phase analysis, it should be noted that the thermoanalytical methods may be, and in several cases are, more
effective for the identification of the submineralogical properties (substitution, polytypage, degree of crystallization etc.).

References: 310, 329, 902

CHARACTERISTIC THERMAL REACTIONS OF MINERAL GROUPS

Thermal activity of minerals

The range of applicability of this method is limited by the fact that it can be applied only for thermally active minerals,
since a considerable part of minerals do not show any thermal reaction in response to heating. Conditions under which rocks
or their minerals were developed usually determine their thermal activity. Igneous rocks and their minerals developed at a
high temperature do not have any thermal reactions when analyzed within the standard temperature range (up to 1000-1500
°C). Igneous minerals association formed at a lower temperature i.e. in response to postmagmatic activity, or transformed
at a lower temperature, sedimentary rocks, and minerals of metamorphic rocks developed at a lower temperature and in
lower pressure range have thermal effects suitable also for analytical purposes. Thus it implies that there are rocks in which
no mineral component can be identified. For the major part of rocks only a certain portion of rock-forming minerals can be
analyzed by using methods of thermal analysis, whereas 100 percent of mineral phases can be determined in the case of a
few rocks only.

The types of thermal reaction of minerals and the form they appear on DTA and TG curves are summarized in Table 10.

Some of the reaction types (structural transformation, melting temperature etc.) appear within well recorded narrow tem-
perature ranges, irrespective of the conditions of analysis and other factors. These reactions, however, have a general low
thermal intensity and are not accompanied by changes in mass.

The temperature of decomposition reactions that are most suitable for the identification and the quantitative determination
of minerals is, however, highly sensitive to both the material properties and the conditions of the analysis. This fact, though it
offers several advantages, as compared to other methods, is somewhat disadvantageous for thermal analysis. The reason of the
present situation, i.e. thermal analysis plays a minor role, as compared to its capacities, is that the reaction temperatures, most
suitable for the analysis can be specified in a less exact manner than other parameters used in other analytical methods (X-ray
diffraction, infrared spectroscopy, etc.) and therefore their application requires greater routine. Standardization of conditions of
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Table 10. Chemical and physical thermal reaction types and their appearance on thermoanalytical curves

Reaction iype DTA TG
dehydration endlothermig mass-loss
dehvdroxylation endothermic mass-loss

Thermal decomposition | thermal dissoclation cndothermic miss-loss
solid phase structural | | dothermic
1. Chemical reactions decomposition endotermic | -
Oxidation exothermic mass-change
Reduction endothermic mass-loss
Solid phase reaction, hermi mass-change
double decomposition exothermic possible
structural transition endothermic
ﬁrﬂns]ém{m of new solid exothermic _
3 Phusical reactions ?h,dw Itmn:mou (state melting endothermic
2, Physical reactions change)
sublimation endothermic mass-lnss
decrepitation . mass-loss
, I . signal deviation
magnetic changes endothermic pﬁssihl e

the analysis (rate of heating, method of temperature measurement, quantity of samples, the atmosphere applied, etc.) may
restrict, to some extent, the temperature range in which the decomposition reaction concerned may appear.

In spite of difficulties the decomposition reactions accompanied by change in mass are considered to be most suitable for the
identification and quantitative determination of minerals. There are cases when other reactions accompanied by mass change, e.g.
oxidation, reduction or sublimation, have to be relied upon. The other types of reaction are regarded in this system as comple-
mentary information only and for minerals having only these reactions no quantitative determination is generally undertaken.

System of thermal decomposition reactions

The decomposition reactions can be divided into several groups:

— Dehydration processes. These processes react upon heating by the escape of water originally bounded in the struc-
ture in the form of H,O molecules.

— Thermal dissociation processes. In this case the components escaping in course of the decomposition are not found
in molecular form (ready for decomposition) in the structure, but are in ionic form bounded by strong ionic-covalent forces.

A transition is represented between these two groups by the dehydroxylation processes, in the course of which, although
water escapes from the structure in response to heating, its original bonding in the structure is similar to that of the second group.

Water in minerals. Dehydration

Water is the most frequent decompositions product which can be bound many ways with different forces in the various
minerals. The kinetic and mechanism of water release and the temperatures and the temperature intervals of the reaction
differ widely. Molecular water can be bound in minerals in two fundamentally different manners; by adsorption forces on

Table 11. The most frequent types of occurrence of water in minerals and their most characteristic thermoanalytical features
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the different surfaces of the structure (value of bonding energy 1-40 kjoule/mol) or by something stronger coordination
forces around certain cations of the structure. Water is the decomposition product of dehydroxylation too. The Table 11 lists

the decomposition processes accompanied by the escape of water, and the most important features of these processes. It is
clearly shown in the Tables, that the different types of water form continuous sequences.

References: 323, 336

Adsorbed water

Minerals are capable of binding different amounts of water, both on their external and on their internal surfaces, namely on
the surface of the internal channels or other cavities of the crystal. A typical example for water adsorbed on external and inter-
nal surfaces of minerals is provided by silicates that contain SiO, and especially AlO, tetrahedra. The polar ions or atomic groups
on the surface of a solid, bind the polar water molecules by van der Waals forces. It is an interaction between the O atoms of the
siloxane or Si-O-Al groups and the water hydrogen. The interaction depends on the Si-O-Si angle. The most hydrophil charac-
ter has an angle <109°. The hydrophilicity of a Si-O-Al group is higher as compared to a Si-O-Si group. The resulting monomol-
ecular layer also creates a new polar surface, which permits the oriented adsorption of further molecule sequences. Properties

of the adsorbed water molecules differ from the properties of the molecules in bulk liquid water only in the first nanometre from
the clay surface which is equal to approx. three monolayers. Water and the sil-

icate together form a solid phase. The most difficult type to remove the water
stuck directly on the solid surfaces of minerals. Sorbed metal on the external
surface of montmorillonite only with few H,O molecules are hydrated.
Another possibility for water adsorption is the edge surface of the dis- 1 ]
rupted alumino- or magnesium-silicate layer where the exposed functional \ "-." I[N
groups are very active. When these activated groups are in contact with '-] \ [
water chemisorption may occur and this “broken bond surface” is covered ! [
with amphoteric surface hydroxyls mainly in the form of silanol, aluminol |
or magnesol. During water adsorption water-hydroxyl bonds are formed. !'.
The linkage may be on the external surface of minerals (so-called stick- '

i
ing water), or can appear on the surface of the internal spaces formed by the '

f P e—:n-——qﬁ-:ﬂwﬂi—‘-'\;ﬁ."\,ﬂ\‘/ =

air-dried sample

"--"."I
| .,f;iﬁ«m;.o
structure of minerals. Practically, binding of water on the internal surfaces 71'1 ! i
is the same as described above, if the available internal space is large

. ... . .sticking moisture” on external surface
enough. These internal surfaces and cavities may be of different shape and T gl | Ll : ': R : o
size and these can influence significantly the types of binding. 0 = e 270

The escape of the free liquid “sticking” water as a colloid system from o
the surface is at lower temperatur.e cqmpared to the interlayer water (Figure Figure 14. Quarry sap on bentonite sample (from
14, Table 12). In the case of the air-dried sample water bounded to the exter-

Buru, Romania) and the same sample 4 months
nal surfaces as a solid phase may be seen at the low temperature size of the later
dehydration peak.

I | ! I
360 450

Table 12. Measurement parameters of the bentonite sample from Buru, Romania

Sample Samnle Mass loss Measured peak Measured Corrected peak® | Correcled peak®
condition nm:il-mil ‘lc‘r:_.}m‘ temperature | temperature 11 temperature | temperature 11
e " (W) C) 0 0
Sample with " a1 .
] 4

quarry sap 113 13.1 110.3 131.6 119 145
Alr-dried 158.1 7.58 140.6 146
sample
*Corrected to 18 mg mass of water.

The external surface area for most natural smectites is less than 20% of the internal surfaces.
The binding energy of water on the external surfaces of clay minerals about 1.5+1 kJ/mol.

Interlayer waters bond by phyllosilicates

In the minerals of the smectite group a small amount of tetrahedral Si atoms is substituted by Al, and/or the octahedral
Al atoms are substituted by atoms of lower oxidation number. Therefore there is an abundance of negative ions in the crys-
tal-forming layer complex, which can be balanced by an interlayer, regularly exchangeable cation and by water. This water
has no structure determining function; the escape of water is non-equilibrium process. The reaction under quasi-equilibri-
um condition is non-isotherm (Figure 15).

Fine structure of water in the interlayer space divided into three zones has different water structure (YARIV 1992). Two
zones contain ordered water. The first one is the layer at the flat oxygen planes which border the interlayer space (A ). The
nature of the oxygen plane depends on the charge of the silicate layer and the octahedral substitution. Predominantly the Si-
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Table 13. Hydration enthalpies (Ath ) of metal cations (data are taken
° from WULFSBERG 1987)
m(%l| QTG
0- Tydration entalpies (kI/mol)
Charge clectronegativity<|.3 clectronegativity> 1.5

ion radius AH, ion radius AH,,

i (s 181 -263
Rb 166 -296 Tl 164 =326

K 152 321
! Na L6 405 Ag 129 475
4 Li 90 315 Cu 9l 94

1L -1091

Ba 149 1304
: : Sr 132 -1443 Pb 133 -1480
100 o 200 300 Ca 4 [ -1592 [ «d 109 | -1806
Figure 15. Q-TG curve of Na-montmorillonite Cr 9% 1850
) Mn 97 1545
O-Al groups of the oxygen plane at tetrahedral substitution B le 92 -1920
can form hydrogen bonds with water molecules. The sec- Mg 56 -1922 | (o 88 -2054
ond type is the hydration zone of the interlayer cation which Ni 83 -2106
is the result of ion-water electrostatic interaction. Each ion Cu 91 2100
is surrounded by a cosphere in which the organisation of In %8 7044
water molecules differs from that in the outside (A ). The = 78 3376
hydrations energy of an exchangeable cation depends on its 3 I &7 3660

size, charge and on its electronegativity (Table 13). The 3 o T0 6439

nature of the exchangeable cation markedly influences the
low-temperature peak system.

The third zone having a low degree of order serves a bridge between the two first zones (B ).

The bond energy of water in the interlayer space is about 7.5£3 kJ/mol and in the interlayer space with cation 7.8-12.1
kJ/mol.

The loss of sorbed water gives a large peak system at a low temperature on the thermogravimetric curve. The form of
endothermic effects can be of simple or double character depending on the nature of exchange cations. Montmorillonite
with different cations in the interlayer space may have different interlayer distance. If the basal spacing found between
9.8-10 A water molecules are adsorbed mainly on the outer surface of the 2:1 phyllosilicates (hydromicas). Until the for-
mation is a monolayer, the basal spacing is about 12.2-12.4A. When the basal spacing is between 14.5-15A it indicates that
a second water layer is formed in the interlayer space.

The montmorillonite saturated with monovalent cation has only a single thermal dehydration peak. The amount of water
is about 7%, due to water form the monolayer in the interlayer space (d(001) = 12-12.6 A). The hydration number of the
metal is 3 or 4 and it has a triangular or square flat coordination parallel to the layers.

The Cs in the interlayer space has no A  zone due to its low electric charge and large size. But two Cs* — two water
complexes are so strongly bound that they are observed as a unit. The DTG peak is symmetric (Figure 16), based on the
investigation of 10 different samples with o between 46-52% (average 47%), basal spacing between 12.28-12.49 A
measured by X-ray diffraction. Monte Carlo (MC) and molecular dynamics (MD) modelling techniques suggest that, in sta-

ble Cs-smectite the interlamellar water content is less than a

monolayer. Cs-montmorillonite, containing 1/3 and 2/3 water
0 monolayer is the “12A Cs-smectite”, 1/3 monolayer is the most
likely stable water content (Figure 16).

Montmorillonite saturated by K or Na shows an asymmetric
dehydration peak (Figures 17, 18).

They have only a small water sheet. Their ion-water interac-
27 tions (coordinative bond) are slightly lowers than that of the
water-water interaction (hydrogen bond in water is stronger
than most other intermolecular forces because every water mol-
ecule is H-bond with four other molecules).

In the case of K-montmorillonite based on investigated 13
rs4  different samples with o, between 49-67% (average 60%),

basal spacing between 12.07-12.85A (monolayer) measured by

.3

[ %

4.0

o X-ray diffraction.
2 100 175 °C 250 35 400 Measurement data for 23 Na-montmorillonite samples with
Figure 16. Dehydration of Cs-montmorillonite & ey between 50-73% (average 65%), basal spacing between

30



0 0
1.4 -1.9
Lo 3.7
% %
F4.1 -5.6
5.5 7.4
T T T T T 6.9 ; T g T T 9.3
0 80 160 o 240 320 400 0 60 120 oc 180 240 300
Figure 17. Dehydration of K-montmorillonite Figure 18. Dehydration of sodium activated montmorillonite

11.43-13.24 A (monolayer) measured by X-ray diffraction. There was some different between the shape of dehydration peak
of activated (O between 50-70% (average 63%)] and of the seven natural (ot between 68—73% (average 71%) Na-
montmorillonites.

At the Ag saturated montmorillonite where the electrostatic bonding is something larger as at Na the curve of dehydra-
tion is symmetric (Figure 19) (Ion-water interaction is probably equal to the water-water interaction). Measurement data:
(O 51% “d value” 12.6 A (monolayer). The exothermal reaction at 361 °C refers to the oxidation of metallic silver.

Dehydration of Li saturated montmorillonite appears to be anomalous, because it gives a double peak (Figure 20). The high
temperature peak corresponds to the water escaping from the cation hydrate sheet. This separate peak has several possible expla-
nations: (1) the hydration energy of Li is higher compared to other monovalent cations. (2) Li is small enough to be organized
in the interlayer close to the oxygen plates, and it forms higher energy sites for water adsorption. Li-montmorillonite has the high-
est water content among the monovalent saturated montmorillonites. Measurement data reflect these special behaviours. For 16

(max)

0
3.1
6.2
198.5°C Log
9.3
F12.4
; ‘ . ‘ ‘ , 5.5 Y r r . 155
0 80 160 oC 240 320 400 1] 80 160 “C 240 320 400
Figure 19. Dehydration of Ag-montmorillonite Figure 20. DTG curve of the two-step dehydration of Li-montmoril-

lonite

Li-montmorillonite samples with o between 21-36% (average 31%), basal
spacing between 12.16-15 45 A measured by X-ray diffraction (the structure of
interlayer water in Li-montmorillonite can be either two- or one-layer hydrates
depending on the circumstances, for example on humidity).
heated When Li-saturated montmorillonite is heated to 200300 °C, the Li ions
OH H.O migrate from inter-layer positions to sites in the layer structure. Li* gets fixed
in two different sites: (1) in the pseudohexagonal holes of the tetrahedral sheet,
and (2) in the previously vacant octahedra, creating local trioctahedral
domains. Analysis of the FTIR spectra in the MIR regions with the
unheated AIMgLiOH stretching band at 3668 cm™ of Li-montmorillonite heated up to
’ , ) ) ; 300 °C is presented in Figure 21.
w0 oS00 a4 s 3000 The montmorillonite saturated with bivalent cation has generally a dou-
Wavenumbers / cm ble peak of dehydration. Water content of the montmorillonite is about

Figure 21. IR spectra of Li-montmorillonite samples 14-15% corresponding to the double layer of the octahedral coordination of
in OH stretching regions: unheated and after heating ; 2+
for 24h at 300 °C (after MADEJOVA et al. 1999) hydratlon water of Me*.

AlMgLiOH
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Figure 22. DTG and DDTG curves of Ba-montmorillonite dehydration
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Figure 23. DTG and DDTG curves of Hg-montmorillonite dehydration
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Figure 24. DTG curve of dehydration of Ca-montmorillonite (Kuzmice,
Slovakia)
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The dehydration peak of Ba saturated montmorillonite
shows only a shoulder about 150—-170 °C on the higher tem-
perature side of the reaction. The second reaction may be
better seen on the second derivate curve (Figure 22).
Characteristic measurement data of 13 investigated samples
are: o between 32-42% (average 38%), the basal spac-
ing between 14.24-16.23 A measured by X-ray diffraction
(corresponding to the 2-layer hydrate).

Similar thermogravimetric picture may be seen in the
case of Hg saturated montmorillonite, but the peak on the
DDTG curve corresponding to the higher hydrations ener-
gy is at a somewhat higher temperature (Figure 23). Basal
spacing is 15.54 A (double layer) measured by X-ray dif-
fraction.

In normal case the DTG curve of Ca-montmorillonite
shows two separate steps of dehydration (Figure 24).
Measurement data of 13 natural and one Ca saturated sam-
ples are: o between 36-51% (average 42%), basal spac-
ing between 14.52-15.72 ? (corresponding to the 2-layer
hydrate) measured by X-ray diffraction.

Sometimes the DTG curve of natural montmorillonite is
less characteristic. The basal space [d(001) 16.04 z&] is cor-
responding to the double water layer but the hydrate sheet
of the cation may be seen only on DDTG curve (Figure25).
The explanation can be that the interlayers of natural mont-
morillonites are usually not homoionic (Figure 26).

Manganese (II) ion adsorbed in the interlayer space of
montmorillonite has a greater hydration energy than Ca
has, therefore the elimination of water coordinated to man-
ganese ion takes place at a higher temperature, at about
240-250 °C. Measurement data of 4 Mn saturated samples
are: o between 30-42% (average 36%), basal spacing
between 14.56-15.07 A measured by X-ray diffraction (cor-
responding to 2-layer hydrate). The observed exothermic
reaction is the oxidation of manganese (II) to manganese
(IV) (Figure 27).

Manganese (II) ion adsorbed in the interlayer space of
the montmorillonite oxidizes spontaneously to manganese
(IV) under atmospheric conditions. The peak of the second
dehydration in DTG curve cannot be observed practically
and the exothermic oxidation is not observed on the DTA
curve of the old manganese-montmorillonite (Figure 28).
The basal spacing of montmorillonite (001) determined by
X-ray diffraction is very similar for both the fresh (15.1 A)
and old (14.8 1&) samples.

Dehydration of Mg-montmorillonite is a well distin-
guished two-step reaction. The peak of the dehydration of
the water coordinated to magnesium is to be seen at about
245-255 °C (Figure 29). Measurement data of 10 Mg satu-
rated samples are: o between 44-57% (average 48%),
basal spacing measured by X-ray diffraction between
14.63-16.25 A (corresponding to 2-layer hydrate).

The characteristic data of different monovalent and
bivalent interlayer cations are summarised in Table 14.

Copper sorption on montmorillonite may include sever-
al processes with different characteristics; therefore both
thermal and X-ray diffraction data with great discrepancies
have been described. For example: “original Ca-montmoril-

Figure 25. DTG and DDTG curves of dehydration of Ca-montmorillonite
(Egyhazaskesz6, Hungary)
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Figure 28. Thermoanalytical curves of the same Mn-montmorillonite
three years later

Figure 29. DTG curve of dehydration of Mg-montmorillonite

Table 14. Characteristic data of the monovalent and bivalent interlayer cations

. Hydration DIG peak of DG peak of
Cation | Piece lonradius Tonpotencial e‘mhalp} ﬂ mlim? sheet calinrlpsheeL d(n1)
A . % . .
kljmal C C
Monovalent
Cs 10 1.81 (.35 263 47 12.4
K 13 1.52 0.66 -321 60 12,27
Na 23 .16 ().86 4035 63
Ag' 1 1.29 0.78 -475 51
T 16 0.9 1.11 -515 5l 158 13,76
Bivaleni
Ba 13 1.49 1.34 -1304 38 147 152 15,58
Hg | .16 1.72 1480 49 15.54
Ca 14 1.14 T -1592 42 192 15.22
Mn 4 0.97 2.25 -1545 36 246 14,78
Mg 10 (L.86 2.33 1922 48 245 15.05

lonite treated with different concentrations of CuSO,-solution show that adsorption of copper causes collapse in the struc-
ture from 14.71 A to 12.75 A" (Kiss et al. 1997); or “Copper-bearing montmorillonite (Cu-MMT) was produced by Cu*
cation exchange reaction. X-ray diffraction analysis showed that that the (001) basal spacing of the MMT crystal lattice
increased from 1.544 to 1.588 nm after Cu®* exchange. This indicated that Cu* entered into interlayer position of MMT as
a hydrated cation” (X1a et al. 2004). The movement of Cu** as a small cation from the interlayer into the 2:1 layer of mont-
morillonite upon heating is possible (d 12.4 = 9.5 A) (HELLER-KALLAI, MOSER 1995).

The discrepancies can be explained by several reasons. There is heterogeneity of the sites for the adsorption of Cu. At
low ionic strength, results suggest that Cu is sorbing in the interlayer and maintains its hydration sphere. At high ionic
strength, Cu atoms are excluded from the interlayer and sorbed primarily on the silanol and aluminol functional groups of
the montmorillonite (STRAWN et al. 2004). Cu adsorption may take place on edges or plains of montmorillonite
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(UNDABEYTIA et al. 2002). Some Cu?** ions seemed to replace the original interlayer metal cations and some entered into the
hexagonal cavities. A small fraction of Cu®* ions penetrated into the octahedral vacancies (HE et al. 2001).

The adsorption of copper depends on several other factors. In the Cu-smectite at a very low humidity the hydration num-
ber is below 4 (monolayer) (YARIV 1992). The adsorption of copper depends too on the concentration of the solution and
on the concentration of the background electrolyte. The basal spacing of the Cu-montmorillonite depends on the Cu con-
centration of the ion and the pH (NEMETH 2003). Copper forms CuOH* at higher pH (STADLER, SCHINDLER 1993). The
amount of fully hydratable Cu**-ions ([Cu(H,O)]**) in interlayer positions depends on increasing time of treatment (PLOTZE,
EMMERICH 2004).

The trivalent Al in the exchanged montmorillonite has a
B greater polarizing power. Therefore the A zone of Al
extends over large areas. Since the total number of Al ions
L34 in the interlayer is only the third of the number of monova-
lent ions, the total area occupied by A is comparatively
small, leaving space for the formation of zones B and A..
The dehydration effect on the thermogravimetric curve is
double corresponding to the bind of water molecules in var-
ious ways (Figure 30). The d-value of the montmorillonite
(001) basal spacing for the presented sample is 15.76 A, the
F13.7 water content is somewhat higher as earlier (19.5%).

The hydrolyzed state depends on pH. At higher pH gibb-

site-like (gibbsite or nordstrandite: X-ray reflections at 4.86

and 4.36 A, DUBBIN et al. 1994) and pseudoboehmite (X-ray
0 80 160 °C 240 320 _“,(’,9"' reflection at 6.4 A, BRYDON, KopAMA 1966) groups are pres-
ent in the interlayer. According to MAFTULEAC et al. (2002)
the endothermal effect of Al-montmorillonite is changed
dependent on pH (Table 15 and Figure 31).

6.8
bog,

r10.3

[17.1

Figure 30. DTG curve of dehydration of Al-montmorillonite

Table 15. Probable state of active centres of Al-montmorillonite treated with solutions of various pH values

Water quantity of the | Water quantity of the .
pH interval d(oon) first endothermal second endothermal Quantity Of(, Interlaminary exchangeable cations
(nm) effect (%) effect (%) released water (%)
0.9 1.32 1.5 10 17.5 Al(H,0),mH,0
1 1.32 7.5 10 17.5 Al(H,0),mH,0
1.05 1.33 7.5 10 17.5 Al(H,0),mH,0
1.85 1.49 7.5 10 17.5 Al(H,0),mH,0
2.3 1.53 8 10 18 Al(H,0),mH,0 and Al(OH)(H,0)nH,0
35 1.53 10 7 17 Al(H,0),mH,0 and Al(OH)(H,0)nH,O
415 153 105 75 18 Al(H,0),mH,0 Al(OH)(H,0)nH,0 and
Al(OH) (H,0), kH,0
44 153 T 7 18 Al(H,0),mH,0 Al(OH)(H,0)nH,0 and
Al(OH),(H,0),kH.,0
46 153 1 6 17 Al(H,0),mH,0 Al(OH)(H,0)nH,0 and
Al(OH),(H,0), kH,0
51 131 T 6 17 Al(H,0),mH,0 Al(OH)(H,0)nH,0 and
Al(OH) (H,0),kH,0

The relatively weak bonding of the water bound by adsorptive forces in the inner spaces of the montmorillonites shows
the temperature values of the PA curve (Figure 32).

Halloysite has a kaolinite structure layer with a layer of water (2.9 A) in the interlayer space. The layer thickness is there-
fore, 10A. The interlayer water in the lattice of halloysite where the layers curve and form a tubular structure due to the dif-
ferent size between the tetrahedral and octahedral layers (the smaller octahedric layer to the inside of the curve), each layer
is separated by a monolayer (sometimes by two layers) of water.

The interlayer water is weakly bound. YARIV, SHOVAL (1975) showed that water molecules inside the interlayer space of
halloysite are oriented toward the hydroxyl plane with the negative oxygens of water molecules but do not form hydrogen
bond with OH-groups of the hydroxyl plane as the basal hydroxyls of the layer are very weak proton donors. Positive hydro-
gens are oriented toward the oxygen plane, but there is no localized interaction between water molecules and the basal
sheets. Instead, hydrogen bonds occur between water molecules forming water clusters.

Examinations of GIESE, COsTANZO (1986) indicated that the water in 10 A hydrate is of two types in equal quantity. One
type (termed hole water) is closed into the ditrigonal holes of the silica tetrahedral and forms hydrogen bonds to the tetra-
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Figure 31. DTA curves of dehydration of
Al-montmorillonite treated with solutions of
various pH values (after MAFTULEAC et al.

2002)

hedral basal oxygen. The second type (termed associated water) lies at a different
level in the structure that is farther from the tetrahedral sheet than the hole water.
Associated water molecules donate hydrogen bonds to adjacent hole water mole-
cules and receive hydrogen bond from three hydroxyls of the octahedral sheet.

There is some uncertainty in the published data regarding the way the molecu-
lar water is held in the illite itself.

“The breadth of the loss of molecular water over a wide range of temperatures
corresponds to a similar distribution of intermolecular and binding forces between
the polar water molecule and the clay composition (structural, sorbed or both?)”
(EARNEST 1991a).

The molar proportion of structurally bound H,O, H,O(*), shows a strong nega-
tive correlation with the sum K+ Na+Rb+Cs+Ca+Ba+0.33(F+Cl), which demon-
strates that the H,O(*) excess over that required for full occupancy of halogen-OH
sites is chiefly bound in interlayer sites of alkali-deficient micas.

A phengitic component is present in which substitution of R** cations for octa-
hedral Al is balanced by the addition of tetrahedral Si beyond the ideal Si:Al ratio

Montmorillonite

au /4:'
b y = 35.107x + 85.991
Figure 32. Dehydration temper-
ature and “PA curve” of mont- T g T T T
morillonites based on the meas- -1 05 0 05 1 15 2
urement of 382 different natural
samples log(mg)

of 3:1 for muscovite. This substitution gives the octahedral sheet an overall negative charge of about 0.2 to 0.3 per formu-
la unit. Interlayer vacancies or water molecules amounting to about 0.2 to 0.4 atoms per formula unit are compensated by
additional tetrahedral Si cations beyond those required by the phengitic component.

There are three models for incorporation of H,O in interlayer sites:

(1) neutral interlayer H,O molecules as a consequence of fewer interlayer cations, (GRIM 1953), and molecular water
in the micas is in the hexagonal cells non-occupied by potassium ions (BILONIZHKA 2001).

(2) a medium amount of K is replaced in illite by interlayer hydronium (oxonium or hydroxonium) ions, H,O* (BROWN,

NORRISH 1952), and

(3) as a combination of H,O and H,O*. Investigations
of Loucks (1991) indicate that hydronium ion is a sub-
stantial interlayer site occupant in white micas formed in
acidic to neutral pH environments at temperatures below
about 450 °C. Neutral H O molecules occupy a signifi-
cant fraction of interlayer sites in pedogenic and diage-
netic illites and some hydrothermal sericites. Occurrence
of vacant interlayer sites is virtually nonexistent.

The high pressure differential thermal analysis and
resonating proton model do not support the H,O* model

(MILLER et al. 1991a, b).

The force of bonding seems to be lower as in the case

of montmorillonites (Figure 33).

illite

5

y = 54,800 + 66.241

8

B

°c

References: 15, 35, 36, 94, 97, 137, 143, 213, 226, 262, . 0 .
270,271, 333, 337, 386, 400, 425, 432, 436, 450, 480, 481, -1 0.5 0 05 1 15
497, 550, 570, 600, 673, 703, 704, 744, 745, 776, 788, 876, log{mg)
884, 894, 914, 1023, 1034, 1046, 1047, 1074, 1076, 1099, Figure 33. Dehydration temperature and “PA curve” of illites and

1174, 1177, 1178

glauconites
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“Zeolitic water”

In zeolites and in the structure of some other minerals (e.g. aluminite, palygorskite etc.) the so-called “zeolitic water” is
found in channels formed by the SiO, and AlO, tetrahedra, where it can move more-or-less freely. Relatively free movement
is possible in wide channels, whereas narrower channels or capillaries impede movements, and water is adsorbed on the sur-
face, e.g. mainly bound to the AlO, tetrahedra, partly in the form of OH-groups. The escape temperature of the latter is high-
er, than that of molecular water. The nature of the internal space depends on the system of interconnecting channels. Three
types of channel systems are identified from this point of view (BRECK 1974):

— One-dimensional system not permitting the intersection of the channel (for example analcime).

— Two-dimensional systems (for example natrolite, mordenite).

— Three-dimensional system type has two variants. In one type, channels are equidimensional; free diameter of all the
channels is equal (for example: chabasite). The second type consists of three-dimensional intersecting channels, but the
channels are not equidimensional; the diameter depends upon the crystallographic direction.

Internal spaces may be capillaries of extensive internal surfaces, and in this case capillary condensation plays a prominent
role in water binding. These surfaces are covered by an H,O monomolecular layer, which often belongs to the neighbouring
surfaces. In such cases water is bound relatively stronger to the polar solid surface. Zeolites with high kinetic diameter (for
clinoptilolite 3.5 A, free aperture of main channels for mordenite 6.7x7 ‘&, for chabasite 3.74.2 A, for stilbite 4.1x.2 A) have

zeolites
400 _
386 y=28.184% + 4767 -
366 —T
——gr | i Ll
320 I""’A”.
200 /’1’/
el m % Q'TG
= 60.994x + 22381
2T e |
o 240
220
2848 4
180
o y=27115x + 12896
440 P il
45 —— 5
y=74.344x #84.146 ~.
100 e ~
\\-\-
=i} ~——
04 o1 06 1.1 T T -
[+}
log mg (H;0) 200 600 C
Figure 34. Dehydration temperature and “PA curve” of different kind of zeolites Figure 35. Q-TG curve of mordenite

(clinoptilolite M, mordenite O, stilbite 4, chabasite A, analcime A, natrolite O)

the main dehydration temperature lower than 200 °C and at zeolites with low kinetic diameter (for example analcime and
natrolite 2.6 A), the dehydration temperature is higher than 250 °C (Figure 34).

Zeolitic water is bound in adsorptive way and has no structure determining role. Most zeolites may be dehydrated with-
out the major alteration of their crystal structure. The loss of adsorbed water from the internal spaces due to heating is not
an equilibrium reaction and the dehydration curves from quasi-isothermal heating techniques are always non-isothermal
essentially (Figure 35).

References: 121, 582

Water in amorphous phases

In materials with less ordered structure (short or intermediate range order 5-15 A) internal spaces can be found gener-
ally. Natural glassy rocks and amorphous formations often contain water bound similarly to zeolitic water. In glassy rocks,
most of this water is bound in OH form either as single hydroxyl (silanol) groups, or as pairs of hydroxyls.

The network forming the glassy rock is composed primarily of SiO, and to a much lesser extent of AlO, tetrahedra to
which OH-groups are bound free or they bridge the SiO, tetrahedra by hydrogen-bonds. If the internal space is large enough
further water molecules can be hydrogen-bonded to the OH layers of the surface to permit this. Such binding is weaker, its
elimination taking place at a lower temperature.

The quantity of water on the external surfaces and in the open internal spaces bound by adsorptive forces depends on
the size and shape of these spaces as well as on the polarity of the surface and accordingly change the binding forces in the
above mentioned ways. Water is bound by different energies and thermoanalytical curves usually reveal its steady loss over
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a wide temperature range as poorly defined features (Figure 36).
The bond on the surface of alumina (alumogel, AIO(OH)-H, 0, or
AL O, nH,0) or hydrous iron oxide of short range order (ferrihy-
drite, protoferrihydrite, formula variable) may be compared to the
broken octahedral sheet of clay minerals, whereas the surface of
amorphous silica (opal SiO,nH,0) or alumosilicate [allophane
(ALO,)(Si0,),,, (H,0)] may be compared to the broken tetrahe-
dral sheet. Water can be bound also on the defect sites on the sur-
face.

The quantity of water, bound in this way, cannot be expressed
by stoichiometric means frequently, although the quantity is fair-
ly well determined by the type of the structure. During drying the
originally X-ray amorphous began to take on a definite form
(often zeolite-like structure).
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Figure 36. TG and DTG curves of perlite (Lehotka, Slovakia)
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Opal
The higher water content escapes at a lower temperature, i.e. -
the smaller internal space bind the water stronger (Figure 37) -\ -
The influence of the size of internal spaces on the force of RN -
binding may be followed in the “PA curve” of the opal (Figure 250
38). The curve is opposing compared to other (stoichiometric) o 200
water quantity — temperature curves. 150 " \
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internal spaces

Minerals sometimes contain water as an occlusion.
Inclusion water involves the most primitive form of water in
minerals. The included water at its emergence filled the cavity
totally, and then, upon cooling, its volume decreased, allowing
it to move freely, like a level. In the course of heating, at the
temperature of the emergence of the inclusion, the liquid
expands again to fill the whole hole, then, on further heating, its
volume increases further, and the crystal bursts (decrepitation)
and the sample sputtered from the sample holder. The phenom-
enon cannot be detected when a covered crucible is used since
the amount of occluded water is several orders of magnitude
smaller than that of solid particles expelled from the open cru-
cible (see barite in Figure 39). This phenomenon can only be
observed with non-powdered samples, because most occlusions
are destroyed by powdering.

log(mg)
Figure 38. PA curve of opals
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Figure 39. Decrepitation of barite (open crucible, curve 1)
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Water bound in solid solution

Here, the ions do not occupy the entire space, thereby permitting the presence of 2—3 water molecules. Escape from their
fixed position is possible only if the process of self-diffusion process within the crystal reaches a considerable rate. The
rapid departure of such water can also be caused by a structural modification of the mineral (see aragonite in Figure 40).

AT[°C] -
dm/dt
[mg/min]

m[%] 0

10

20

7 41.5% <

‘ CO,

25
30

35 ‘

40 ‘

- L TG

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

e

[

Figure 40. Evolution of water bound as solid solution from aragonite
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Figure 41. Dehydration of CuSO,-5H,0 examined by dynamic (curves
1-2) and “quasi-isothermal” (curve 3) heating techniques using open
and labyrinth crucibles
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In the case of zeolites and perlites some water can also
be closed at the decomposition of the structure due to heat-
ing, as a silicate melt. In this case water escapes at a tem-
perature higher than 900 °C.

References: 72, 323, 336, 819

Crystal hydrates
(constitutional water in water-bearing
carbonate, sulphate, phosphate and
salt minerals)

Crystal hydrate is an integral and stoichiometric part
of the given structure. Crystal water is bonded generally
by coordination forces which can be explained by the fact
that cations within an aqueous solution coordinate water
molecules that are incorporated into the lattice as aquo-
complexes in the course of mineral precipitation. They
often play a role of size control, e.g. sulphate minerals can
form with a smaller cation, if size difference is compen-
sated by water.

The larger part of this water does not have a structure
determining function by itself as it is located in the second
coordination sphere of the cations, however, the escape of
water may result in the rearrangement of the structure.
When heated, this water generally escapes at low tempera-
tures, in several water molecules, in more-or-less overlap-
ping stages. The dehydration of crystal water, in most cases
is an isothermal process striving for equilibrium, i.e. the
equilibrium of the reaction depends only on the gaseous
product of the decomposition, i.e. on the partial pressure of
water (Figure 41, 42, 43, 44). Due to these facts, discrepan-
cies are to be found among the reported data. The dehydra-
tion of the crystal hydrate is complicated by other accom-
panying processes, as melting, liquid phase forming etc.

In the structure of the chalcanthite CuSO,-5H,0 four
water molecules are coordinated around the Cu?* cation, the
fifth molecule of water coordinated only by other water
molecules or oxygens. During dehydration the first two
moles are lost, then another two moles, and finally one mol
water. The first two processes are isothermal while the
departure of the last water molecule is non-isothermal
(Figure 41).

The dehydration of epsomite (MgSO,-7H,0) is process
of several steps under dynamic heating conditions that are
influenced by the circumstances. The last molecule of
water has a special contact with the cation and escapes at
separately higher temperature. Intermediate monohydrate
has not the same structure as natural monohydrate
(kieserite) but a metastabile phase. Similar reactions are at
other crystal hydrates with more water molecule
(melanterite, morenosite, goslarite, etc.)

The MgSO,-7H,O lost the greater part of its crystal
water content under quasi isothermal — quasi isobaric con-
ditions at 105 °C, and the last molecule of water from the
monohydrate escaped finally at 310-330 °C (Figure 42).
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Figure 42. Dehydration of MgSO,-7H,O examined by dynamic (curves  Figure 43. Dehydration of gypsum (CaSO,-H,0O) under dynamic heating
1-2) and “quasi-isothermal” (curve 3) heating techniques using open  Mass loss at the first step: 10.14%, at the second step: 3.48%
(curves 1-2) and labyrinth crucibles (curve 3)

PAULIK, F., PAULIK, J. (1986) and EMONS et al. (1990) found two other steps at 115 and 150 °C which can be explained
by that liquid phase is formed in the labyrinth crucible under quasi-isotherm heating, and this may cause the formation of
three intermediates.

One part of the crystal hydrate has a structure determining function because it appears in the first coordination sphere
of the cation (e.g. kieserite, HEIDE 1965a). Dehydration of kieserite takes place at a temperature about 50 °C higher as that
of the intermediate monohydrate.

Water in gypsum is real constitutional water. In the gypsum crystal structure, calciums are coordinated by six oxygens
from sulphate (SO,), and by two oxygens from water (H,0). Two sheets of sulphates are bound together by calciums form-
ing double sheet layers. At each side of these layers are water molecules forming weak hydrogen bonds to the next layer in
the structure.

Dehydration is a two-step process (Figures 43, 44). One part of the process of water loss takes place with a significant
delay owing to the formation of protracted nucleus. The forming of a hemihydrate phase may not be explained by different
bounding of water molecules.

Data of PA curves of gypsum show the difference between the bonding energy crystal water and that of adsorption water
(see Figure 32, 33 and 45).

Similar water type is found in the structure of palygorskite apart from zeolitic water at the end position of pyroxene
chains (Figure 46, 47 — see in detail in chapter 5.1.2.8.1 Palygorskite).
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Figure 46. (001) projection of the unit cell of palygorskite (BRADLEY
1940)

Figure 47. PA curves of the different water types in palygorskite

In some cases one part of molecular waters is not linked directly to cations (“free water” or “zeolitic water”), but bound

by hydrogen bonding with the structure (e.g. aluminite).

References: 112, 283, 454, 455, 456, 457, 458, 461, 462, 463, 467, 472, 475, 826, 840, 841, 851

Thermal dissociation
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Figure 48. TG, DTG, and DTA curves of colemanite
(WACLAWSKA et al. 1988)

Table 16. Temperature of decomposition depending on the electonegativity

Cation | Flectronesativity Dehydroxylation Calcination Sulphate dissociation
S ¢ hydroxides (0| carhonates " | sulphates
NH, 460 | maseagnite
Ji] 2 160 | sassolite
Cu(2) 2 400 | arurile 820 | chalcantinie
Bi 1.9 450 | bismutite 800 | bieberite
Fe(3) 1.9 195 | bernaliie 830 | jarosiie
Fe(2) 1.8 550 | siderite 750 | melanterite
Ni 1.8 860 | morcnosite
Cd 1.7 470 | otavite
Ph(2 1.6 400 | cerussite 890 | anglesite
7n 1.6 490 | smithsomile 905 | goslanle
Al 1.5 310 | gibhsile 870 | alunogen
Mn(3) 1.5
Mn(2) |4 | 600 | thodochrosite | 990 | mallardate
Mg 1.2 450 | brucite 670 | magnesite 1070 | kieserite
Ca [ 530 | porilandiie | 950 | caleile 1200 | anhydrite
Sr 1 1180 | strontianite 1180 | celestine
Na 0.9 1150 | natrite
Ra 0.85 1200 | witherite
K 0.8 >1200

The components escaping in the course of
thermal dissociation form an integral part of
the structure. They are not present in molecu-
lar form in the structure, which explains why
the mechanism of thermal dissociation con-
sists of two phases:

— Formation of the escaping components
(ionic — molecular form):

— in case of hydroxides: proton accom-
modation,

— for carbonates, sulphates etc.: oxygen
rejection.

— Loss of decomposition product.

The two processes generally overlapped on
the thermal curves. WACLAWSKA et al. (1988)
investigated the thermal dehydroxylation of
colemanite [Ca,B,O,(OH),2H,0] that repre-
sents a rare case with distinct separation of H,0O
formation (DTA peak) and removal of water
molecules (DTA and DTG peaks) from the min-
eral (Figure 48).

In the case of thermal dissociation reac-
tions, the process is influenced by lattice
structure features and by the compound
instead of the thermodynamic phase-equilibri-
um because of the much stronger (85-550
kjoule/mol) ionic or covalent bonds in the
structure. Among these factors bonding
strength should be mentioned first. Table 16
and Figure 49 show clearly, that a decrease in
electronegativity of cation, in connection with
the same anion results in an increase of bond-
ing strength and accordingly in an increase of
dissociation temperature.



In the case of the anions, electronegativity values of oxy-
gen of the anion related towards the external cations are of
similar effect. That is why, as it is shown in the Table 16, the
compounds of the same cation with different anions show
also a definite order of stability. The order given by the elec-
tronegativity values can be further refined by considering
the valency and ionic potential.

Data based on the average of values published in the
books of MACKENZIE 1957b, 1962, 1970, TSVETKOV et al.
1964, TopOR 1972, IVANOVA et al. 1974, SMYKATZ-KLOSS
1974.

Decomposition temperature of a given binding is also
determined by the lattice structure. On the above basis it can
be stated that a binding is decomposed at a higher tempera-
ture if within a more complex structure. The phenomenon is
the result of several factors. On the one hand, the part of the
structure not participating directly in the bond has an indi-
rect impact on the bond strength and the stability of the
structure.

The characteristic first peak of the double carbonates is
always at higher temperature than the same decomposition
in the single carbonates (Figure 50).

The possibility of the necessary diffusion in the course
of the decomposition process is also influenced by the struc-
ture. Table 16 shows the temperature of the escape of OH-
groups for minerals of different structure. For hydroxide the
diffusion takes place in both stages of the decomposition
(proton migration, escape of water molecules). In the case of
isolated OH-groups, the protons show a smaller tendency to
form H,O molecules. In this case, the formation of H, as the
product of imperfect reaction might be possible (Figure 51).

For molecule development with oxygen rejection, of
course, the process will take place in in-place manner;
therefore diffusion plays a role only in the removal of the
escaping component from the crystal lattice. In the case of
hydroxides the structure may determine the number and
distance of OH-groups yielding water during thermal dis-
sociation and their position within the lattice structure may
influence the development of decomposition temperature,
as well. Dehydroxylation process of phyllosilicates reflects
well their structural differences. The fact that the majority
of the OH-groups are found on the surface of the layers, for
1:1 phyllosilicates, whereas within the layer complex for
2:1 phyllosilicates, is also reflected by the thermal curves
of phyllosilicates.
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Figure 49. Decomposition temperature versus electronegativity
(hydroxides M, carbonates #, sulphates A)
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Figure 50. Comparison of the decomposition temperature of single and
double carbonates
(ideal ankerite is unknown in the nature)

The third factor influencing decomposition temperature is the ability of the residual structure to transform. This is pos-
sible because the accommodation of oxygen generally requires the residual structure to change the co-ordination number.
This is possible only at a certain temperature. In other cases, dissociation is accompanied by simultaneous structural decom-
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Figure 51. H - and H,O-release from standard kaolinite KGa-1, Georgia, USA

1
1600

position or rearrangement.

It is a noteworthy phenomenon that the disso-
ciation of the minerals with molecular water takes
places at a temperature lower than in the case of
similar water-free structures (hydromica, phos-
phates with water content etc.).

Dissociation processes are essentially of
isothermal character (see portlandite, Figure 52,
calcite Figure 53, and chalcanthite Figure 54a, b).

The more complicated feature of the lattice
structure is expressed not only by the shifting of
the reaction to higher temperatures, but also by the
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Table 17. Temperature of decomposition of hydroxide in different types of structures depending on the electronegativity
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Figure 52. Q-TG curve of portlandite Figure 53. Q-TG curve of calcite
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Figure 54. TG and DTG curve of chalcanthite under dynamic heating (a), TG curve of chalcanthite under quasi-static circumstances (b)
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Figure 55. Q-TG curves of dehydroxyla-
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pyrophyllite

[m%]o !

5

101 dolomite

15

20 o= = =

25

30/ dolomite

35

40

=== =
|
|

45 calcite

50

T ——
500 600 700 o0

—T T T T T T
800 900

T

Figure 57. TG curve of mixture of dolomite and calcite

under quasi-static circumstances

fact that the process of the reaction will gradually shift away
from the zero-order, isothermal character (see boehmite,
kaolinite, pyrophyllite, Figure 55, or dolomite Figure 56, 57)

ek

References for thermal dissociation: 129, 321, 323, 350,
471, 513, 688, 689, 690, 841, 920, 1006, 1009, 1071, 1072,

1081, 1092, 1101, 1112
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Figure 56. TG and DTG curve of mixture of calcite and

dolomite

Other thermal reactions with mass change (sublimation, oxidation, reduction)

From the last column of Table 10 may
be seen, that beside the main dehydration

Table 19. Characteristic temperatures of the oxidation and the reduction of minerals

and decomposition reactions there are Reaction lype Minerals Tcm]ma.tﬁ.m range Nole
some reactions which also may cause mass sulphur 780 380
change. Some characteristic examples are araphite 900-1000
summarised in Table 18 and 19. - . sulphides 250-850 (-‘WE I'rJL]iT mn
Oxidation occurs in the organic materi- _ . _ etall)
al or coal apart from minerals in the geo- Oxidation magnetile 5:{&?_]1]5(?0 ”;]rl:i;:'c
logical samples. (erothermic) minerals containing 1'eS0, 430-450
siderile 475-760
Table 18. Characteristic evapo- rhodochrosite 655 870 to Mn_(),
ration and sublimation temper- ankerite T75-820
ature of minerals vivianite 550 630
Mincral Temperature C pyrolusite 023-725 Mn0—Mn 0
Sulphur =444 Reduction pyrolusile, thodochrosile 950-1050 Mn,0.—Mn0,
Cinnabar 320-460 (cndothermic) sulphides, carbonates, c .
= = . - 2
Stibmile =500 sulphates bearing CuQ P30-1030 20u0—>Cu0
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Other thermal reactions without mass change

Solid-phase structural decomposition

In this special case of decomposition reactions the structure falls apart, but all products of the decomposition remain as
solid phases in the sample. Since in this case no mass loss of the sample is detected, these reactions are not suitable for

Table 20. Types of solid-phase structural decomposition and crystallization of new phases

Crystallization of new phases
(cxuthermic)

Solid-phase structural decompuosition
{caduthermic)

I Reaction of alkali and alkaline earth 2. Reactions of alunite-nipe minerals: see Tahle 70

sulphates in Table 70

3. Structure decomposition of sulphides:
vz chalcopyrite; al 330 350 °C

4. Endothermic exothermic inversion of phyllosilicates
Decomposiion ol the  siructure  directly | Crysiallization of new phases (e.g. enstobahie, mulhie,
before the exothermme reachon (amorphous | ohvine, spinel, enstatile ete.) from  the amorphiows

slale) e.p, phases.
kaolmie 950 1000 “C (mulhte)
chloriles 830 900 “C {vhvine, spinel)
Mg serpentines 800 840 ~C (lorstente)
hydromicas >000 “C (spinel)
smecliles <900 *C
ele,

3. Trnsformuiion  of mineraly  inly
crpstalling phases e.g.

hematogel >800 -C

allophane =1000 *C
6. Formation of new phases afier the dehydration of
zeofiiey (feldypary, feldspathoids, wairakite, queriz ele)
e... chabasite—anortite (750-900 “C)
7. Cryswadlization of AIPO, TelPQ, phases during the
heating of phosphates e.g.
— lazulite: 905 “C (AIPO )
— diadochite: 610-620 C (TeP0)
8. Others: e.g.
— Crystallization of NaAl, from dawsonite at 810 "C
— Formation of willemite from hemimorphite at §30-
970 °C
— Formation of copper-oxide at 660-730 and quartz
and cristobalite at 930-970 “C form_chrysocolla

amorplony

quantitative determination. The most frequent solid-phase structural decomposition and crystallization of new phases dur-
ing the heating of minerals are given in Table 20 as examples.

Polymorphic transition

The changes of energy due to phase transition of minerals are much smaller than that of dehydration or decomposition
reactions.

Table 21. Characteristic temperatures of polymorphic transition of minerals
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Mineral class Mineral Tcmp:cr‘a.rurc Transition Mincral Mineral
C class
Native elements sulphur 95 orthorhombic (cr) —> mm}?jc]hmc
. 103 orthorhombic (o) —> | hexagonal (B)
chaleocile 348 hexagonal —> cubic
- 217 o — B
hormite 367 B — v
PRI 557 o — [}
chalcopynite 657 — ”
pyrrhotite 35{1)42?" hexagonal — orthorhombic
Sulphides = : bi
acanthite 179 monoclinic — b
{argenlile)
argentite 175 isometric
millerite 395 trigonal — hexagonal?
covellite 370
507 hexagonal
marcasite 530 orthorhombic cubic (pyritc)
herzenbergile 602 o > B
Oxides
tridimite 17 o — [}
Silica minerals | crisiobalite 250 o > i
quartz 571 o — 5]
hematite 677 o 3 B
- magnetite 5375 o — 5]
Others pyrolusile 690
hausmanmile 750 [ b B




Table 21. Continuation

Mineral dass | Mineral [ TSI Transition Minerd Mineral
Silicates leucite 682 tetragonal — cubic
lroma 170
333
soda 285
dawsonite 436
aragonite 450 orthorhombic — trigonal
Carbonates | valerile 470 — trigonal
witherite 806 orthorhombic — tetragonal
alstonile 900
norsethile 810 813
980-982
slroniianile 024 orthorhombie — hexagonal
177 orthorhombie(V) 3 orthorhombic
thenardhle - (LLL)
241 orthorhombie (T17) — hexagonal (T)
290 ?
mirabilile 240
Fypsum 320 — anhydrite
o | kainite 425
Sulphatcs ulaserile 437
arcanite 355 385 orthorhombic {cx) hexagonal ()
syngenite,
leomle, 380
picromerite
polyhalite 640
anglesile 863 orthorhombie » monochnie
Phosphates | lazulite 48Y orthorhombic — cubic
Nilrales niler 128 orthorhombig — trigonal
nitratine 276 [ —
Llalides cryolite 573 monocline cubic
Melting

Melting is such a physical process, when the substance changes from a solid to liquid state and remains in the crucible.
This temperature may occur at broad interval (Table 22).

Table 22. Characteristic melting points of minerals

Melting
Mineral class Mineral point
Q)
mirabilite 32
epsomile 52,97
melanterite 6. 98
morenosile 38
chalcanthite 93
bloedite, loweite ho8, 704
leomile, pieromenile | 738, 842
. schoenite 750
Sulphates vanthoffte 300
syngenile 873
thenardite 882
mirabilite 884
polyhalite #90
olaserite 940
plauberite 944
langheinite 945
Native elements sulphur 115.36
silver 961

Curie point

Table 22. Continuation

Melting point

Mineral class Mineral 0
. nitratine 308
Nitrates miter 337
millerite 790
stibmile 565
L tetradymite 636
Sulphides ullmannite 787
argeniile T88
herzenbergite HE0
Mingrals with massicole 897
Phi} content Cerussile 897
bischofite 118
carnallile ] 60_,' 03,
1lalides - 42
chloromagnesite 700
sylvile 770
halite 801
Cerussile 897
Carbonales natrite 820
trongd 800-900
kahgimie 800

Curie point is the temperature at which a ferromagnetic (or ferromagnetic) material becomes paramagnetic on heating.

The effect is reversible.

There are several methods to determine Curie point:
— By thermomagnetic methods (e.g. CHAKLADER, BLAR 1970).
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In the case of DTA techniques a weak endothermic effect of  Table 23. Curie point of minerals

the substances near the Curie point (Fig.ure 23) is utilized. o Cotie—temperature (@) C -
— By DTG: the furnace of the Derivatograph produces an e Verromugnelism pacamaguelisn e
alternating magnetic field inside the furnace. Field intensity and | Pyrrhotite 348 370

depending on
Magnetite 430 390 Cr,0,, Ti0,, MgO
etc. substitution

the magnetic gradient are sufficient to produce magnetic force
acting on a ferromagnetic sample. The force is recorded as an
apparent weight increase of the sample, immediately after the  [§lzefemite 6a0
furnace is switched on. When temperature increase up to the TG | Hematite 045-0675
temperature (Curie point) of the sample the force disappears —LTianchematiie 600660
and the TG curve shows a rapid weight decrease due to the dis-

appearance of the interaction between the sample and the mag-

netic field generated by the heat current (MOSKALEWICZ 1975).

Solid phase reaction

Sometimes solid phase reactions may occurs between the different components of the sample (for example aluminite and
calcite (FOLDVARLFARKAS 1985) Figure 58, 59, iron sulphate and alkali metal carbonate (SwaMY, PRASAD 1982) or calcite
and pyrite (LANGIER-KUZNIAROWA 1969, SELMECzI 1970, PAULIK, F. et al. 1989).

Reactions of the sample (Figure 58):

between 30-660 °C: escape of H,O and OH of aluminite (36%),
between 770-950 °C: loss of SO, (17.8%).

DTG
dm/dt 5
[mn;/mi[l'lj dmvdty | DTG
[mg/min]
‘ 2 +10
0] I
AIT °C]

-10

204
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-30

m[%]0

m[%]0

10

204

30

30

40 40

17.8%

50 _L . 504 TG
0 100 200 300 400 500 GO0 700 800 900 1000 0 100 200 300 400 sS00 600 700 800 900 1000
°C
Figure 58. Aluminite Borehole Csordakut—421, 38.2— Figure 59. Calcite impurities in an aluminite sample

38.3 m (Hungary) Borehole Csordakiit—421, 38.8-38.9 m (Hungary)

Reactions of the sample (Figure 59):
between 30-660 °C: escape of H,O and OH of aluminite (38%),
between 770-900 °C: loss of SO, from one part of aluminite (only 14%),
at 835 °C exothermic: solid phase reaction between aluminium sulphate and calcite
CaCO,+Al1,(S0,), = CaSO,+AlL O +CO,.
CaSO, is decomposed only at temperatures higher than 1000 °C.
Similar reaction product of pyrite is Fe,(SO,),+3CaCO, — 3CaSO,+Fe 0,+3CO,.
The CaSO, decomposes only above 1000 °C.

ssksk

References for other thermal rections: 170, 276, 329, 652, 763, 839, 908, 980, 1048
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THERMOGRAVIMETRIC CURVES AND THEIR INTERPRETATION
BY STOICHIOMETRIC PROCESSES OF MINERALS AND MATERIALS

In this chapter a total of 148 figures show thermoanalytical curves up to 1000 °C for 114 minerals investigated by the
author in the atlas encountered in geological routine work and having specific thermal reactions. Thermal processes are
interpreted by thermoanalytical reaction equations or by the description of the reaction. For thermal reactions accompanied
by mass changes a method for quantitative determination is also presented. All the presented samples were controlled by X-
ray diffraction methods and many of the samples were analysed in the chemical composition point of view.

Most of the diagram selected from the 29 000 derivatograms made by the old type of Derivatograph and 6000
derivatograms made by Derivatograph-c, a computerised type (PAULIK, J. et al. 1986, 1987). Diagrams from the literature
were used only in some cases.

The following additional informations may be reported:

The reference substance is Al O,.

The sample holder is generally open and made of sintercorund. In the case of quasi-static investigation we use labyrinth
crucible made from platinum.

The temperature of the sample and the difference between the temperature of the sample and the reference material are
measured in the conventional way with two counter-connected PtRh-Pt thermoelements.

Data acquisition and manipulation by computers:

15 bit A/D conversion

signal sampled 0,1 sec. 900 point/programmed measuring time are averaged

References: 849, 850



1. NATIVE ELEMENTS

e 1.1. Sulphur: S

dm/dt o4
[mg/min]

' Thermal reactions:
| =95 °C endothermic: transition: orthorhombic (ot)— monoclinic
(B) (heat of transition: 36 kJ/mol),

=115 °C endothermic: melting,
' 280-380 °C exothermic, mass loss: oxidation:

S+0, = SO, T,

=445 °C endothermic, mass loss: sublimation ST.
Stoichiometric factor based on the mass loss of the 3 and 4"
| reactions: 1.

mi%] 04—t =
q: | Sample: Budajend, borehole Bo-2: 268.85-268.87 m (Hungary)
| | Sample mass: 1000 mg
104 4 Heating rate: 17 °Cmin™
] | Mass loss during the 3 and 4" reaction: 32%
151 2%< | Sulphur content of the sample: 32%
7 ' References: 201, 513, 603, 981
254 |
1 TG |
N

100 200 300 400 500 600 700 800 900 1000

204

Dra |

AT[°C] 0-|

Figure 1.1. Thermoanalytical curves of sulphur

1.2. Graphite C

|mg/min] |
‘\_—Mm 1.2.1. Analysis in air

Thermal reaction:

m between 600-<1000 °C (depending on the condition of analysis)
DTA exothermic, oxidation:
’ C+0, = CO,T.
Stoichiometric factor based on the reaction: 1.
A TEC] 0
Sample: Graphite electrode
l Sample mass: 100 mg

-10 4

m[%] 0
204

40
100%

60
TG

80

100 4

— T T T T
0 200 400 600 800 1000 holding at 1000 °C
°oC to stability of mass

Figure 1.2.1. Graphite oxidation in air
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1.2.2. Analysis in oxygen

Thermal reaction:

Between 700-800 °C exothermic, oxidation:

C+0, = CO,T.

Sample: Graphite electrode

Sample mass: 20 mg

Diluted by 980 mg Al O,

Heating rate: 10 °C/min
Atmosphere: O, (20 I/h)

Titration: pH =9.3

Absorbing solution: 0.1 m NaOH
Mass loss during the reaction: 100%

Measured CO, determined by titration related to sample

mass 360.5% = 98% C content

References: 525, 820, 1185

DIG

dnv/dt
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Figure 1.2.2. Graphite oxidation in oxygen (DTA, TG, DTG, TGT and
DDTG curves)

2. SULPHIDES

The investigation of sulphide minerals is much more difficult than that of other minerals, because they are very strong-
ly oxidative and their oxidation behaviour is complicated.

Atmosphere: air or O,:

The characteristic mean reaction is exothermic oxidation. These reactions are very complex. Their categories:
— Complete oxidation of the original compound.

— Incomplete oxidation with the formation of intermediate sulphates and oxysulphates.

— Dissociation to form a vapour phase that is simultaneously oxidized.

— Selective and sequential oxidation of members of a cation complex.

— Selective and sequential oxidation of members of an anion complex.

Some examples for the selective oxidation of sulphides with different cations or anions:

1. Tetrahedrite: Cu,SbS, :
— at lower temperature: Sb,S, =Sb0,,

— at higher temperature: CuS — CuSO,.
2. Chalcopyrite: CuFeS.:

— 330-350 °C: solid-phase structural decomposition:

4CuFeS, —* 4FeS+2Cu,S+S,, and
S,+20, = 280,

— 350-600 °C:

— at lower temperature: oxidation of iron:
FeS + 20, = FeSO,

— at higher temperature: oxidation of copper:

Cu,S +S0,+ 30, = 2CuSO,

— at about 750 °C: decomposition of intermediate sulphate products:

CuSO, = CuO+S0,and
FeSO, = FeO+SO,
after this : FeO = Fe O,
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3. Galena: PbS with Se substitution:
— oxidation of PbSe (clausthalite) at 660 °C

Table T2a. Oxidation of the most common simple
sulphide minerals in order of temperature (°C)

— oxidation of galena: at 800 °C. lement | Mincral C_
Data in the literature reated to the temperature ranges of sulphide oxi- !:bg ;';]I;;:]b[; 123 ;;3
. . . . . .. . A3 L il
dation in air are largely 1nc0ns¥ste1'1t (Table T2a). ThlS is explained by th'e M alahandile 300 350
depending of the process of oxidation on several different factors (experi- e pyrite, pyrrhotite, marcasite .
mental variables such as quantity of sulphides, oxygen concentration, Sh stbmte . 350-600
particle size, shape and material of crucible, heating rate ctc.) that can ;—,“ “bt}ak““l:}i: covellite ST
. . . . . g 320-
influence the number and intensity of the peaks and the reaction can be dif- Mln n;:ﬁ_ﬂl‘]mﬁ S50 6 5{}
ferent and very complex. (See scheme of oxidation of pyrite Table T2b). Az argentite 630750
According to Kopp, KERR (1958a), peak temperatures are found to decrease Cil rreenockile 620-800
g p p g
by about 3 °C for each °C per minute the heating rate is lowered. Peak tem- Ni millerite 610 800
peratures also decrease with diminution in grain size, resulting in the £n sphalerite 800-900
. . L . b galeny S00-850
increased surface area available for oxidation. If the amount of sample is
reduced, peak temperature will also decrease.
Table T2b. Principal modes of oxidation of pyrite
2Fel,+7.50), — le0), 1480, T
T cxothermic, :
d____d_——-"" mass loss
direet oxidation ~ n N ~
depending on the s +T0, exothermc, Fe (50,150,
quumlily of oxygen 355 INErCase L, 700 800 °C Fe0,! ESQ:T
endothermie,
mass loss
2Fe8 +5.50, cofidmic. | Fe0,7450,T
Fes mass loss
\ FS L0, ohdmic,  Fe0+4S
\\ mass loss | » §+0, —» sot
= i ) ,
‘J':':‘\ 2Fe§+3.50, exolhgrmic, 1"::05 '—jS‘D:T
% '\ mass loss
2\
=\ 2F8+50. 1450, o oidmic,  Fe(S0), oo ¢ 0ot
\‘ / INASE 1Crcasc cndm{mrmicl
Fe§. mass W5
B0 700 T pg s
— . = TeS120, Zo TeS0, S0 H)LSO, — Fe0+250.T
endoihermic, H exolhérmie, B f cndothermic
masss Joss THilss INCTERSE mass loss
FeS+TFeS0, o op o 40,1850,
§+0, so,T

o
cxothermic,
mass Ings

The temperature of oxidation reaction is more characteristic when oxidizing agents (CuO, MnO,, V_ O, etc.) are used.

Further reactions of sulphides are summarized in Table T2c.

The elimination of the oxidation peak is possible in inert atmosphere, the reaction is the thermal dissociation e.g.:
— pyrite: at 600-700 °C: FeS, = S+FeS (stoichiometric factor of the reaction: 3,75)

— chalcopyrite: at 330-350 °C: 4CuFeS, = 4FeS+2Cu,S+S ;
— covellite: at 400-550 °C: 2CuS —* Cu S+0.5S,
or at 310-338 °C. 1.84CuS — Cu, S (digenite) + 0.84S;

1.84

— tetradymite: at 560-590 °C: BizTeZS;

— arsenopyrite: at 670-740 °C: FeAsS = FeAs, (loellingite) + Fe,  S+As S +As ;

— ullmannite: at 740 °C: NiSbS;

— gersdorffite: at 800-860 °C: (NiFe)AsS — NiAs (niccolite) + pentlandite;
— cobaltite: at 885-905 °C: (Co,Fe)AsS = CoS, (cattierite) + S +Fe, S+As S +As ;
— pentlandite: at 610 °C: (Fe,Ni),S, = Fe,Ni, S+(Fe,Ni), S, (heazlewoodite),

at 845 °C: (Fe,Ni), S, = (Fe,Ni) S+S..
Decomposition of iron sulphates at 600-750 °C.
Decomposition of copper sulphates at about 780 °C.
Decomposition of cobalt sulphates at about 870 °C.
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Table T2c. Further reactions of sulphides

Reaction Mineral Formula .J-\-[":J};:lun' Polimictic transition
milleritc Ni§ 790
stibnite Sh.S, 363
chalcostibite Cu,SbS, 570
letradymile BileS 636
slromeyerite AgCuS 663
- tennantite (Cu,le) .AsS THI-735
= alimannite Nishs 787
= argenlile AgS 788 Y60
shandite PhNi S, 790
pentlandite (Fe,N1) 5, 330
teallite PhSnS, 870
herzenbergite SnS B8O
vagsite Ni§, 993
L cinnabar HgS 320 460
Sublimation — =
slibmite b3, =500
. i pentlandite (Te,Ni) S, M
Curie-point - .
pyrrhotite Fe, S(x 0-0.17) 348-370
digenite Cus, 74 90 pseudo isometrie - isometric
stromeyerite Aglus 82 94 orthorhombic — hexagonal
djurlette Cu S, 93 monoclinic
mekingtryile (Ag.Cu),5 94-97 orihorhombic
jalpaile A Cus, 112-119 tetraganal — isnmelric
bournonite Ph(’ushs, 137
pyrrholile Fe, 8 (x=0 0.17) 144 hexagonal > orlhorhombie
argenlile AgS 173
pyrrhotle Fe, 5 (x=0 0.17) 200 240 menoelnic
) . 100-120 ortharhombic (o) — hexagonal ([3)
chaleocite Cul —
KE hexagonal — digenite
acanthite AgS 176 monoclinic — cubic (argentite)
. boraite CuTes, 213;38 Ll)seuduisomelric () » -isume e ()
g ALY [3 H ¥
[ reyluyr AsS 263 u - |p
; stephanite Ag ShS, 270
E tennantite (Cn,Fe) AsS 39
cinnabar Hg& 344 metacinnabar
chalcopyrite CuleS, 55i e - P
637 B — ¥
millerite Nis 395 trigonal-hexagonal ¢ | — B
chalcostibite Cu,Shi, 00 orthorhombic
covellite Cus 307 hexagonal
marcasite Fis, 530 ortherhombic » somelric (pyrile)
shandire Ph,Ni S, 346 trigomal hexagzonal
rymmelsheryile NiAs, 560 — pararammelsheryile
herzenbergite Sn§ A2 o — 3]
pentlandite (Fe,Ni)5, 610 620 isometric — isometric (vaesite)
teallite I"hSn8. 721 orthorhombic
sphalenite £nS 1020 b wurlzle
Reduction ’ble'}fn";‘i“(“ 0 9501050

1 Both in oxygen and in inert atmosphere.

Notice: The reaction products (S, SO,, SeO etc.) are generally aggressive, and they combine with metals (thermocou-
ple, crucible, furnace etc.) very quickly.
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Proposition:

— It is necessary to work in a sample holder made of ceramic material.
— It may be sufficient to mix the substance carefully with inert material (twice the amount of sulphides).
— In any case, the proposed standard conditions of analysis must be changed if chalcogenides or sulphur are to be inves-

tigated

References: 87, 106, 221, 238, 559, 605, 889, 1011

2.1. Pyrite FeS,

The reactions of the most frequent sulphide mineral, pyrite are the combination of oxidation, disproportion and thermal
dissociation. These reactions overlap each other partly or completely (Figure 2.1.1).
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Figure 2.1.1 DTA, TG and DTG curves of the complex reactions of a

sample with relatively high pyrite content

dov/dt
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Figure 2.1.2. DTA, TG and DTG curves of the oxidation of pyrite

in oxygen
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with end-products of Fe O
(exothermic),

Simplified reactions of pyrite: between 350-700 °C over-

lapped

1. oxidation, depending on the oxygen quantity available
,0,, Fe,0,, Fe (S80,),, SO,, SO, and S
2. disproportion: (endothermic)
FeS, = S+FeS,
3. oxidation of FeS and S to Fe O, (exothermic),
4. dissociation of iron sulphate to Fe,O, and SO, (endothermic),
In the case of total oxidation, the whole process:
2FeS, = Fe O,
Stoichiometric factor for the whole reaction: 3.
Sample: pyritic breccia, Biikkszentkereszt, borehole

Bszk—65 205-227 m, Hungary

Sample mass: 114 mg
Heating rate: 10 °C/min
Other thermally active minerals in the sample: dolomite,

muscovite.

When the investigation is carried out in oxygen or the

sample has only a low pyrite content, the reaction of oxidation
will be simple and complete (Figure 2.1.2).

Reaction between 400-500 °C, exothermic:
FeS,+7.5 O, = Fe,0,+4S0,T.
Stoichiometric factor based on the mass loss: 3.

Sample: Lovasberény, borehole Lbt—1: 104.3 m, Hungary
Sample mass: 500 mg

Heating rate: 10 °C/min

Mass loss during the reaction: 1.4%

Pyrite content of the sample based on the mass loss: 4%

In nitrogen only the reaction of disproportion can be esti-

mated (Figure 2.1.3).

Reaction between 600-700 °C, endothermic:
FeS, = FeS+S.
Stoichiometric factor based on the mass loss: 3.75.

Sample: Pazmand, borehole Pt-2: 86,6-90,3 m, Hungary
Sample mass: 1000 mg

Heating rate: 10 °C/min

Mass loss during the reaction: 3.6%

Pyrite content of the sample based on the mass loss: 13%
Other thermallly active minerals in the sample: illite, illite-

montmorillonite mixed layer, kaolinite, quartz



According to HILLER, PROBSTHAIN (1956a), in N, pyrite
did not dissociate into FeS but rather into pyrrhotite (Fe_S,).

Under the same conditions, the oxidation peak tempera-
ture of marcasite is around 80 °C lower than that of pyrite.

References: 32, 87, 106, 184, 244, 247, 248, 249, 252, 261,
485, 499, 501, 513, 534, 535, 536, 540, 559, 561, 569, 603,
605, 663, 722, 730, 759, 771, 829, 830, 834, 839, 857, 990,
1075, 1081, 1091, 1189

2.2 Cinnabar HgS

Reaction of the mineral between 310-500 °C, endother-
mic and exothermic: oxidation and sublimation:
HgS+0, = HgT+SO0,T.
Stoichiometric factor of the whole process: 1.

Sample: Locality unknown

Sample mass: 600 mg

Heating rate: 17 °C/min

Mass loss during the reaction: 18.3%

Cinnabar content of the sample based on the mass loss:
18%

Other thermally active minerals in the sample: dickite

In inert atmosphere the reactions of cinnabar are at 345 °C
and 595 °C. (BERG, SHLYAPKINA 1975)

References: 45, 47, 87, 513, 981, 1081
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2.3. Galena PbS
. rG Reactions:
. P, 1. Between 600-820 °C: exothermic: oxidation with different
{mg/min] NS\ internal products of PbO, PbSO » and PbO-PbSO n
2 2. Between 850-1100 °C: thermal decomposition, endothermic:
PbSO, = PbO+SO,T.
Sample: Locality: Borneo
M Sample mass: 100 mg
[ Diluted by: 900 mg ALO,
ATPCI04 Heating rate: 10 °C/min
)_w References: 1, 3, 87, 253, 254, 513, 663, 722, 730, 936, 1081,
1091
TG
20
{ 104
m(%] o
J 10
20+

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
¢ DTG

dm/de

Figure 2.3. Thermoanalytical curves of galena - 0 W
+30
2.4. Sphalerite ZnS

. +20
Reaction:

between 750-860 °C:
ZnS+1.50, = ZnO+SO,T. 10
Stoichiometric factor of the reaction: 6.1. /

Sample: Locality: unknown ATRC

Sample mass: 100 mg
Diluted by: 600 mg AlO, 04
Heating rate: 10 °C/min

A shift of peak temperatures may be observed with the variation %] 0
in the amount of iron in the lattice. Peak temperatures decreased 1 TG
from 820 °C for low iron sphalerite (0.1% Fe) to 767 °C for spha- 2
lerite with 13% iron content. The temperature of the oxidation is 3
depends also on the grain size, on the heating rate, on the amount of 4+
sample. 54

0 100 200 300 400 500 600 700 80 900 1000
oC:

References: 43, 46, 87, 106, 513, 553, 603, 663, 722, 730, 759,
887, 904, 972, 1081, 1091 Figure 2.4. Thermoanalytical curves of sphalerite

2.5. Other chalcogenide minerals

Reference: 6: hauerite, 20: chalcopyrite, 31: pyrrhotite, 32: pyrrhotine, arsenopyrite, 16llingite, millerite, nickeline, gers-
dorffite, linnaeite, cobaltite, scutterudite, 44: chalcopyrite, 48: tetrahedrite, 66: chalcocite, jamesonite, tetradymite,
eucairite, 87: sulphide minerals in air and in inert atmosphere: realgar, orpiment, covellite, boulangerite, frankeite, anti-
monite, chalcopyrite, molybdenite, tennantite, bornite, troilite, pyrrhotine, pentlandite, marcasite, arsenopyrite, chalcosite,
cobaltite, 106: molybdenite, tungstenite, guanajuatite, bismuthinite, matildite, miargyrite, pyrargyrite, proustite, nauman-
nite, argentite, realgar, arsenopyrite, ferroselite, pyrrhotine, chalcopyrite, tennantite, tetraedrite, stannite, klockmannite, cov-
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ellite, chalcosite, 240: pyrrhotites, 241: violarite, 242: nickel sulphide, 243: pentlandite, 244: violarite, pyrrhotite, pent-
landite 245: covellite 246: covellite, 250: chalcocite, 251: chalcocite, 341: argentite, 385: bornite, 438: Hg-tetraedrite, ten-
nantite, 485: marcasite, hauerite, chalcopyrite, cobaltite, arsenopyrite, covellite, troilite-pyrrhotine, chalcocite, bornite and
synthetic sulphides and selenides in N,, 486: copper sulfides, 500: arsenopyrite, auriferous sulfide and arsenides, 513: orpi-
ment, realgar, covellite, 16llingite, stibnite, chalcopyrite, bornite, chalcocite, cubanite, molybdenite, nickeline, pentlandite,
pyrrhotine, arsenopyrite, bismuthinite, stannite, greenockite, 516: sarabauite, 553: alabandite, 559: troilite, hexagonal and
monoclinic pyrrhotine, 603: arsenopyrite, chalcopyrite, 632: smythite, greigite, 641: valleriite, 643: troilite, 663: marcasite,
chalcopyrite, tennantite, tetraedrite, bornite, covellite, chalcosine, 722: pyrrhotine, 16llingite, arsenopyrite, covelline, chal-
chocite, chalcopyrite, bornite, millerite, niccolite, gersdorffite, siegenite, scutterudite, carrollite, argentite, proustite,
cobaltite, 730: chalcocite, marcasite, chalcopyrite) , 743: chalcocite, covellite, 796: tetraedrite, 808: enargite, 887: wurtzite,
912: copper sulfides, 936, 972: wurtzite, 1006: marcasite, pyrrhotite, arsenopyrite, chalcosite, chalcopyrite, bornite, german-
ite, bournonite, tennantite, wurtzite, proustite, stephanite, acanthite, molybdenite, 1011: chalcosite, digenite, stromeyerite,
jalpaite, acanthite, 1035: copper sulfides, 1044: pentlandite, 1067: tetrahedrite, 1080: chalcopyrite, 1081: chalcocite, covel-
lite, marcasite, pyrrhotine, chalcopyrite, 1091: iron and copper sulfides in air and in N2: marcasite, chalcocite, chalcopyrite,
bornite, tetraedrite, arsenopyrite, stibnite, 1162: skutterudite

3. OXIDES

A restricted number of oxides are subject to thermoanalytical investigation.

3.1. Silica minerals

The various kind of silica minerals (polymorphs) have different thermal properties (Table T3.1).

Table T3.1. Thermal reactions of silica minerals

o Temperatune e P [Teat of transition
Mineral 0) Muodileation T Modifigation T (K)/mol)*
Polymorphic traisition

o 117 oL > B 0.08
Iridimite 63 B, o B
Cristobalite | 180-270 =3 > | 0.79

. 573 o — B 0.75
Quartz 870 B O tRdimite

Delydrarion

(pal [ 100 200 ] | | |

*Data from MEYER (1968).

The processes are reversible with some hysteresis.

3.1.1. Quartz SiO,

The endothermic reaction at 573 °C coresponds to the structural transition of trigonal (o) = hexagonal (§). As the inver-
sion is a reversible process it is possible to detect the quartz peak, even if there are some other minerals, the peak of which
appears in the same range of temperature and overlaps the small quartz peak. As the disturbing peaks are generally the
results of irreversible processes, they do not appear on the cooling curve or in the case of second heating, thus this thermo-
gram shows only the quartz exothermic peak. This represents a general method for measuring quartz in the presence of ther-
mally interfering mineral species.

Sample: NBS ICTA Standard Reference Material 759
Sample mass: 1000 mg
Heating rate: 17 °C/min

Since no mass change occurred during the reaction, quantitative estimation is only possible on the basis of the intensi-
ty or the area of the small DTA peak.

Generally the temperature of the inversion is within a narrow temperature range, therefore the use of quartz as a tem-
perature calibration standard in DTA was suggested (FAUST 1948, MCADIE et al. 1972). In spite of these, Tuttle found that
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the inversion temperature varied inversely with the temperature of
formation and therefore it may become a useful geologic ther-
mometer. SMYKATZ-KL0OsS (1969, 1970, 1971, 1972) found also that
certain quartzes gave DTA peak with variation in shape and temper-
ature depending on the origin or genesis. Physical defects, chemical
impurities, particle size, mechanical activation may also influence
the shape and temperature of the transformation effects
(DuBrawsk1 1987, Lisk et al. 1991, StocH 1991). The paper of
SMYKATZ-KLOsS, KLINKE (1997) reviews studies on the possible
Atreod v applications of the high-low quartz inversion in petrology.

DTG

dw/dt |

|mg/min]

DTA

10 References: 51, 211, 227,232, 297, 318, 668, 672, 727, 757, 758,
957, 1013, 1028, 1031

m|%]| 0

1 TG

2-

T T T T T T T T T T T
0 100 200 300 400 300 600 700 800 900 1000
°C

Figure 3.1.1. Thermoanalytical curves of quartz

3.1.2. Opal SiO,-nH,0

Opal is a hydrated form of silica. i PTG
Reaction of the mineral between 40-600 °C, endothermic: imgminy |
SiO,-nH,0 = SiO,+nH,0
Opal contains a variable amount of water from less than 1% up
to more than 20% (opal-AG=hyalite contains about 3%, opal-AN
5-10%, earthy types, such as diatomite about 20%). The tempera-
ture of water escape changes according to the water content. Total
water content can be seperated to contents of “molecular water” and """ \/———”—\
“silanol-group water (Si-OH)” (see Water in amorphous phases in
Chapter 3.3). Interpretation of geyserite suggests that the “wet” opal 10
(average 12-13 wt% H,O + OH) forms as a result of rapid precipita-
tion whereas the “dry” opal (average 5-6 wt% (H,O + OH) forms as
a result of slower precipitation.

DTA

20

Sample: Erdébénye, Hungary wi%] 0

Sample mass: 1000 mg 14

Heating rate: 17 °C/min 21

References: 105, 141, 319, 416, 531, 532, 533, 646, 737, 1139 44 TG

T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 200 100
°C

Figure 3.1.2. Thermoanalytical curves of opal

3.1.3. Other silica minerals

References: 164, 208, 415: tridimite, 777: cristobalite, 798: tridimite, 979: cristobalite, 984: tridimite, 1026: cristobalite
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3.2. Iron oxides

3.2.1. Magnetite Fe O,

Thermal reactions:

between 275-450 °C exothermic, oxidation of the sur-
face,

between 480-1000 °C exothermic, oxidation of the bulk

2Fe 0, = 3Fe O, (weight increasing in the case of
total oxidation: 3.5%).

About 580 °C endothermic, Curie-point (loses its ferro-
magnetism), temperature dependences on chemical compo-
sition. Substitution in natural magnetites lowers the Curie-
temperature.

Sample: Krivoj Rog, Russia
Sample mass: 200 mg
Heating rate: 10 °C/min " a0 a0 .. 0 s0 100

By measuring the Curie-point during two heatings fol- Figure 3.2.1. Oxidation reaction of magnetite
lowing each other it may become possible to determine
whether the Ti content in a sample is titanomagnetite or sep-
arate ilmenite/rutile. The originally separate Ti-phase during heating up to 1000 °C homogenises with the magnetite. At the
second heating in this case the Curie point is at a lower temperature (VINCENT et al. 1957, SMYKATZ-KLOSS 1974a).

References: 168, 268, 272, 397, 662, 763, 921, 946, 947, 948, 960, 1006, 1107, 1180,

3.2.2. Hematite Fe203

On the DTA curve of hematite only a small endothermic peak appears at about 675-680 °C, which is the Curie-point of
the mineral.

Hematite-like materials: cannot be related to pure stoichiometric hematite.

Minerals described in the literature “hydrohematite” originally considered as hydrated hematite, Fe,O,-nH,O identical
with hematite but of fine particle size and contains variable amounts of incorporated molecular water or with ordered incor-
poration of hydroxyl groups in the hematite lattice, which evolves at low temperature or over a wide temperature range and
cation vacancies. Hydrohematite is an intermediate phase during the transformation of goethite or protohematite to hematite
with nonstoichiometric composition.

The “hematogelite” (an amorphous iron-oxide or iron-hydroxide that transforms from amorphous into crystalline phase
at about 800 °C) is probably the synonym for ferrihydrite.

References: 205, 813, 1039, 1170, 1171

3.2.3. “Ferrihydrite” Fe**, (OH, O),, (2.5Fe,0,-4.5H,0 or Fe HO_4H,0)

Ferrihydrite is a hydrous oxide of iron of short-range order. It is also known as “amorphous ferricoxide”, “hydrous fer-
ric oxide”, “amorphous iron oxide* or “ferric hydroxide”and it means a poorly crystalline Fe oxide and may be a precursor
in the formation of soil hematite.

This defect variation of hematite gives only some broad X-ray reflections named by CHUKHROV et al. (1971) as ferrihy-
drite. Formula according to the denominators is 5Fe,0,-9H O, however, a wide range of chemical composition and formu-
la can be found in the literature:

5Fe,0,-9H,0: CHUKHROV et al. 1973

Fe HO,-4H,O: Towg, BRADLEY 1967

Fe O,-2FeOOH-2.6H,0: RUssEL 1979

Fe , O, (OH), -1.26H O: EGGLETON, FITZPATRICK 1988

4.63 7315 759

Fe , .0, (OH),-1.42H O: EGGLETON, FITZPATRICK 1988

Fe O,(nOH,H,0): BoyD et al 1993
FeOOH-0.4H,0: ZHAO et al. 1994

57



Fe(OH)3: BALL, NORDSTROM 1991, RUNKEL, BENCALA 1995

Fe O.(OH)-4H,0: Brooks et al. 1998

Fe(OH),-nH,0: Gray 2000

Designations such as “2-line-ferrihydrite”, “6-line ferrihydrite” etc. refer to the number of peaks in the X-ray diffrac-
tion (XRD) patterns of ferrihydrite, but only 6-line ferrihydrite (6LFh) meet the strict definition of “ferrihydrite”.

Natural ferrihydrite is difficult to isolate and characterize, partly because grain size is very small, and many studies of
ferrihydrites use synthetic analogues. Ferrihydrite as defined by the IMA (International Mineralogical Association) has five
broad diffraction reflections (FLEISHER et al. 1975). The structural model was derived from the data of X-ray and electron-
diffraction of synthetic samples, of weathering crust of basalt and the natural ferrihydrite published by CHUKHROV et al.
1973. The natural ferrihydrite is generally a poorly ordered Fe-oxide form only two broad reflections at 2.5 and 1.5 A (-
line-ferrihydrite or protoferrihydrite).

Materials with seven to two diffraction maxima are a sequence of decreasing degree of order in a single mineral species
(FARMER 1992). Protoferrihydrite is the precursor of ferrihydrite.

The structure of ferrihydrite is not yet fully understood and there are different interpretations of the coordination envi-
ronment of Fe in ferrihydrite by various investigators.

The structure of ferrihydrite accepted by the IMA is a hematite-like structure with FeO, octahedrals except that it is highly disordered
and hydrated. The disorder of the structure is manifested by that some O are replaced by H,O and/or OH and by the presence of vacant Fe
sites in the FeO, octahedrals. According to the structure model of EGGLETON, FITZPATRICK (1988), the coordination of the third of Fe** is tetra-
hedral. It would be later refused by the investigation of MANCEAU et al. (1992).

Based on the investigations of DRITS et al. (1993), ferrihydrite consists of the mixture of 3 structural components:
“defect-free” ferrihydrite with random occupancy of 50% of the octahedral sites by Fe, “defective” ferrihydrite consisting
of a random organization of fragments and a high degree of cation ordering, and ultradispersic hematite.

According the most recent investigations of MANCEAU, GATES (1995), in contrast to bulk Fe atoms, which are bonded to
O and OH ligands, surface Fe atoms are also coordinated octahedrally to H,O ligands forming the first hydration shell
[((H,O)I]. In the wet state, external water molecules of the second hydration shell [(H,0)II] are singly H-bonded to (H,0)I,
while they are doubly coordinated in the dry state (Figure 3.2.3a) Accordingly, wet ferrihydrite contains twice as many
sorbed water molecules as dry ferrihydrite, and the structural difference due to the second hydration shell accounts quanta-
tively for the 15% increase of ferrihydrite weight experimentally measured in moist atmosphere. However, on the basis of
the IR investigations of CHUKHROV et al. (1973), SCHWERTMANN, FISCHER (1973) there is no measurable signal of stretching
and bending vibration of Fe-OH-groups.

Most of the data regarding the thermal character of “ferrihydrite” refer to synthetic preparations (Table T3.2.3). For the
DTA of freshly prepared ferric oxide gels MACKENZIE, BERGGREN (1970) gives the following characterisation: it shows a
large low-temperature endothermic peak (due to the sorbed moisture) followed by a strong sharp exothermic peak between
200400 °C, the temperature and shape of which depends on the pH of the suspension and the temperature of the precipi-
tation. (Increase of the final pH of the suspension and the tem-
perature of the precipitation leads to a marked broadening and
to an increase of the temperature of the exothermic peak.)

In oxygen the exothermic peak becomes sharper. The peak
could be interpreted as it represented the crystallization of
amorphous material into hematite of fine particle size after
molecular water had escaped from the structure. Others in the
case of the natural sample explains the exothermic reaction
with the presence of organic matter, because its formation pre-
ferred in the presence of large concentration of organic matter
(e.g. SCHWERTMANN, FISCHER 1973), and the exothermic peak
disappears in nitrogen. The mass loss after H,O, decreases.

Water content is variable (13-23%). This value from the
stoihiometric formula is about 17%. Water content based on
the chemical analysis of ferrihydrite precipitated from cold
water is between 22% and 32%, and from hot water it is
10-38% CHUKHROV et al. (1973). According to SCHWERTMANN,
FISCHER (1973), adsorptive water is in the range of 15-20%. In
the publication of SINGH et al. (1999) water escape is about
10%, 17-23% and 26.3% at up to 160 °C, 500 °C and 1000 °C
Figure 3.2.3a. Surface structural model for ferrihydrite. (MANCEAU, respectively. According to WELLS, CHILDS (1988), the water
GaTES 1995) content of ferrihydrite and allophane is about 25%.

Bulk structure

b
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Table T3.2.3. DTA reaction of synthetic iron oxide gels

Endothermic Exothermic

pll

Referenees

190 490

CHUuKHROV 1955 Card A 4097.
In: MACKENZIE: Scifax Differential
Thermal Data Tndex 1962

N

Civkneoy 1955 Card A 4095,
In: MackENzZIE: Scifax Differential
Thermal Data Index 1962

220 315

SHuURYGInAe 1958; Card A 4097,
In: Mackenzic: Scifax Differential
Thermal Data Tndex 1962

100 230 345

SHURYGINA 1958: Card A 4098,
In: Mackenzic: Scifax Differential
Thermal Data Tndex 1962

175 400

GHETH 1952

180 380

RaMaciaNDEAN, BUATTACIARYYA
1954:  Card A 4096. In:
MackesZIE:  Scifax  Differential
Thermal Data Index 1962

130 270

tn

130 370

Macking: 1957 p. 299,

240 360

SCULLTER et al. 1957,

According to our own investigations the thermogravi-
metric curves of ferrihydrites can be divided into three
groups:

— One large asymmetric dehydration peak with average
peak temperature at 95 °C.

— Three different dehydration steps with average peak
temperatures at 99, 185 and 274 °C.

— Two dehydration steps with average peak tempera-
tures at 90 and 266 °C. (Figure 3.2.3b).

These groups may be represented by the sequence of
decreasing degree of order of ferrihydrite.

The two low temperature reactions can correspond to
(H,O)II and (H,O)I in the model of MANCEAU, GATES (1995),
the third one corresponds probably to the bulk composition of
5Fe, 0,9 H,0 (about 17% mass loss), a goethite-like dehy-
droxylation but with lower temperatures at 50-75 °C. Mass

loss in the same temperature range derives from organic matter.

T '
200 400 c 60

Figure 3.2.3b. Derivatogram of ferrihydrite

T
00 1000

The accompanying exothermic peak between 200 °C and 400 °C is the development of c-Fe O, from “protohematite”

and also could be a signal for organic materials.

Sample: Spring precipitation

Sample mass: 98.7 mg

Heating rate: 10 °C/min

Mass loss during the first reaction: 4.3%
Mass loss during the second reaction: 3.3%

Other thermally active minerals in the sample: carbonate, quartz, clay mineral

References: 57, 111, 134, 151, 152, 153, 175, 178, 179, 223, 269, 294, 315, 397, 420, 520, 566, 636, 688, 689, 693, 710,
711, 723, 751, 868, 885, 932, 933, 955, 975, 976, 997, 1084, 1145, 1183, 1187
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3.3. Manganese oxides

3.3.1. Pyrolusite MnO,

dnv/dt

0
[mg/min]

+10

ATPC] 0

-20 —

m|%| 0

DTG

1.55 %

I T | ] [
300 400 500 600 700

°C

T T
100 200

Figure 3.3.1. Derivatogram of pyrolusite

I
800

Thermal reactions of manganese of pyrolusite:
between 625-725 °C, endothermic reduction (Mn*— Mn?*),

mass loss

MnO, = Mn O, (kurnakite).
Stoichiometric factor of the reaction: 10.8.
between 950-1050 °C, endothermic reduction, mass loss
Mn O, = Mn,O,= Mn*Mn*" O, (hausmannite).
Stoichiometric factor of the reaction calculated for the miner-

al: 32.6.

Sample: Elgersburg, Germany

Sample mass: 500 mg

Heating rate: 17 °C/min

Mass loss during the first reaction: 4.6%

Mass loss during the second reaction: 1.55%

Pyrolusite content of the sample based on the first reaction:

50%

Pyrolusite content of the sample based on the second reac-

tion: 51%

Ramsdellite (MnO,) gives a curve identical with pyrolusite

except for a small exothermic peak at 360-500 °C corresponding
to the ramsdellite — pyrolusite conversion KULP, PERFETTI
(1950).

References: 7, 96, 276, 341, 343, 344, 412, 418, 419, 513, 524,

553, 635, 670, 1073, 1081

3.3.2. Other manganese oxides

Wad is a generic name for the earthy manganese oxides/hydroxides, often containing significant amounts of hydrox-
ides/oxides of other metals (iron, barium, etc.). There is the hydrovariation of hausmannite, manganite, manganosite, pyro-
lusite, braunite, other manganese oxides or their mixture (Table T3.3.2).

About the hydrated manganese-oxide may be found much less literature data than about “ferrihydrite”. The characteri-
zation of many hydrous manganese oxides is difficult and frequently incomplete because of their poor crystallinity. The
hydrated manganese-oxide has also a structure of two-line Mn* hydrous gels (3-MnO,) (MANCEAU et al 1992).

Table T3.3.2. Thermal reactions of other manganese oxides

Mineral Fuoemula T:||'|||:| ature il reaciion Ty bl .'I.':'; Q30 100 reduction
reduetion

Manganosite Mud 330 "C oxidation Mu™ to Mo Mo — Mo 0. | Mo O — Mol

Msuite (Ma J{Mn 0y J(0H ) where «=01,06-0.07 47 debydrooylanon? Mnil) — Mnd), | Mn i) — Mnl}

TTausmunmile Mn Mn 0 01000 C

Braunile Mo Mo’ i,

Pelomelate | 7 o7 a0 dehydration M0, M)

(romangchite)

Cryplomelsme | K{Ma" Ma )0 Gl " — Mn 0, Mnlh, — Mn ), | Mn0 — Mo

Tudorukily (N Ca KM Mo 1,003 45110 105 deliydration 330 dehydrution (730, 810) Mo, > Mn0, | M0, 3 Mo,

Bixlyite (Ma" F& )0

Farngssite [N, U, K M M) 01 3(H D) dehvdration Mnl) — M), | MaQ) — Mni)

Kangicile |:1"H.\.1n':-'-In:'_i'l':-.‘?[H_ﬂ'; dehyiration 130-300 dehydralinn Mnll — Mn(}, | Mn () — Mni}

Vernudiie M e Ca Ny 0,00 i 1O 10 deliydration M, > Mn0, | M0, > Mod,

Corumudiie 'hiMa' Ma" 100, Mo, > Mo 0 | Mo 0, 3 Mot

nserite Mg Mn () 2TH () 1K) dehydration (713 H.0) | 200 debydration

Laksmelile (Mn” CajMn” O -(HO) dehyidration

Chaleophanite | ZaMu 03000 defiydratiom
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References: 7: hausmannite, psilomelane, braunite 62: rancieite, 96: coronadite, romanechite, todorokite, 231: buserite,
todorokite, vernadite, birnessite, 296: cryptomelane, 313: psilomelane, 343: Mn,O,, Mn,O,, 344: hausmannite, braunite,
psilomelane 353: hausmannite, 401: hausmannite, 402: romanechite 408, 409: birnessite, 412, 418: MnO,, Mn O,, Mn,O,,
419: psilomelane, wad, 513: braunite, vernadite, hausmannite, cryptomelane, coronadite, todorokite, psilomelane = wad,
rancieite, zincdibraunite, 553: psilomelane, hollandite, hausmannite, wad, 630: cryptomelane 635: psilomelane, hausman-
nite, braunite 669, 670: todorokite, 693, 711, 754, 864: romanéchite, cryptomélane, coronadite, hollandite, 752: wad, 881:

todorokite 1032: todorokite, 1081: manganosite, braunite, hausmannite, 1192 nsutite

3.4. Other oxides

Reference: 406: hydrated aluminium oxide

4. HYDROXIDES

4.1. Simple hydroxides

Table T4.1. Dehydroxylation process of simple hydroxide minerals

Temperature of Stoichiomelric

Mineral name | Formula dehydroxylation R

) factor
Sassolite 2B(011) 155-190 2.26
Bernalile Fe(OH), 190 200 3.95
Pyrochroite | Mn(OLI), 210 4.94
(mbbsite 2AlOH), 300-340 2.89
Brucite Mg((OH), 350 450 3.24
Portlandite | Ca(0L1), 480-620 4.12

4.1.1. Gibbsite AI(OH),

Reaction of natural gibbsite:

at 280-340 °C: dehydroxylation
. A.I(OH).3 — ALO,+ HO. . 1o
Stoichiometric factor of the reaction: 2.89.
- 9.7
’ o
320 o 146
- . } P
‘,/: f.
30 & e 194
4 E 312
300 + R T v 24,
o N 0 200 400 1000
¢ Ny ;’/A Figure 4.1.1a. Thermogravimetric curves of natural gibbsite
m|, .
o @ o Sample: Ziar, Slovakia
ooem | Sample mass: 179.7 mg
Heating rate: 10 °C/min
e ] Mass loss during the reaction: 17.2%.
o Gibbsite content of the sample based on the reaction:
' I 49.6% (Figure 4.1.1a, b).

a5 a o5 e s . s 2 Other thermally active minerals in the sample: kaolin-

sttt ite(15%), calcite (4%), boehmite (3%).
Figure 4.1.1b. PA curve of natural gibbsite
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Decomposition mainly of artificial gibbsite (bayerite) consists of three partial reactions:

L at 200 230 "¢ y-AlOOH Joat 500 540 °C A-ALG, — K-ALD, — 0-ALD,
dchydroxylation {deficient —>dchydroxylation \
hoehmite)
AIOH), a-ALO,
2, a1 270 340 -C
dehydroxylation A-ALD, — k-ALO, — B-ALO,

Empirical factor based on the mass loss during the first two reac-
tions: 3.15

dm/dt |

Sample: artifical gibbsite

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during the first two reactions: 32.5%

Partially overlapping peaks of gibbsite and goethite in bauxite
may be resolved (Figure 4.1.1c).

References: 19, 53, 125, 204, 287, 537, 553, 579, 608, 686, 688,
694, 702, 714, 732, 733, 784, 794, 795, 821, 823, 827, 833, 836, 862,
878, 918, 949, 950, 953, 954 1068

m|%] 0 |

204

30

40

0 100 200 300 400 500 600 700 800 900 1000
°C
Figure 4.1.1c. Thermogravimetric curves of artifical gibbsite

4.1.2. Nordstrandite A1(OH),

Thermal reactions of nordstrandite are very similar to
that of natural gibbsite:
at about 280 °C: dehydroxylation
Al(OH), = ¢-A1,0,+ H 0,
then = 0-A1LO, 2 a-AlL O,

Sample: Aggtelek, Hungary

Sample mass: 111.9 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 10.8%

Nordstrandite content of the sample based on the reac-
tion: 31%.

Other thermally active minerals in the sample: kaolin-
ite, bassanite, boehmite, dolomite, amorphous. d e P Y 7T

Figure 4.1.2. Thermogravimetric curves of a sample containing nord-

References: 513, 953, 954 strandite
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4.1.3. Brucite Mg(OH),

Thermal reaction of brucite at 350-450 °C:
Mg(OH), = MgO+H,0.
Stoichiometric factor of the reaction: 3.24.

Sample locallity: Polgardi, Hungary

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during the dehydroxylation: 6.8%

Brucite content of the sample based on the reaction: 22%
Other thermally active minerals in the sample: calcite

References: 58, 102, 173, 295, 389, 394, 498, 553, 563, 572,
656, 679, 841, 1081

DTG

dw/de |
|mg/min]|

m[%] 0

20

251

304

100 200 300 400 500 00 700 800 900 1000
oc:

Figure 4.1.4. Thermogravimetric curves of a sample containing
portlandite

DTG

dm/dt 0
[mg/min]

10 1

154

20 4

25 4

304

354

40+

g O 100 200 300 400 500 600 700 800 900 1006
%

Figure 4.1.3. Thermogravimetric curves of a sample con-
taining brucite

4.1.4. Portlandite Ca(OH),

Thermal reaction of portlandite at 480-620 °C:
Ca(OH), = CaO+H,0
Stoichiometric factor of the reaction: 4.12.

Sample locallity: Mosso, Burundi

Sample mass: 1000 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 9.3%

Portlandite content of the sample based on the reaction:

38%

Other thermally active minerals in the sample: brucite,

calcite

Reference: 841

4.1.5. Other simple hydroxides

References: 95: bernalite, 513: sassolite, 730: sassolite, 782: bernalite
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4.2. Oxides containing hydroxyl (oxyde-hydroxides)

The main thermal reaction of the minerals containing both oxygen and hydroxyl anions is the dehydroxilation (Table

T4.2.).

Table T4.2. Dehydroxylation of oxyhydroxide minerals

Mincral name

Polymorphic transition

Temperature of
dehydroxylation
(-0

Stichiometric
factor

Lemdocrocile v FeOOH

Fe,(), 300 370 9.9

W
L

Goelhie . FeQOH

w Fe ),

330 420 99

Manganile v-MnOOH

Mn,0,

350-400 9.8

Rochmite v-AIOOH

'I\'—AI,O N

550-600 6.6

VIV [~

Diaspore w-AlOOII

w-ALO,

500-600 6.6

F4.1
6.28% %

F6.2

8.2

T T T T
200 400 oC 600 800 1000

Figure 4.2.1a. Thermogravimetric curves of a sample containing
goethite

T T
T 3601250 mg sample, § °Cfmin /
e
&, 2 | | o
g o« b
' 340
4
= 2 NN ikl
i y:

.
300
a

...... w| 27 |1

! P
2.450 A K-ray analy b

= b i
= \“mn A Chemical apalysis
< iy

2. 440- %
Salh—a
1,430 —
e Al
2.420 \
1 L
ié: 85 mg sample, KBr disc //
_;,: a0 /
2
% 7
B /
900 &
e
T
590 Trrrrirrrrrtrrrr i1 rrr | rrrrir
a 5 1] -3 20 2
Al in goethite, mofe %

Figure 4.2.1b. Temperature of dehydration peak, the shift of d, X-ray
reflection and the wawe number of the deformation band around 900
cm™ as function of the aluminium content of goethite (after JONAS,
SOLYMAR 1970b)
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4.2.1. Goethite o.-FeOOH

Reaction of the mineral at 290-330 °C dehydroxilation:
o-FeOOH — a-Fe O,+H,0.
Stoichiometric factor of the reaction: 9.9.

Sample: limonite nudle, Zirc, Hungary

Sample mass: 142.1 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 6.28%

Goethite content of the sample based on the reaction:
62% (Figure 4.2.1a).

Other thermally active minerals in the sample: montmo-
rillonite, illite, calcite

Natural goethite first of all in bauxite often contains
appreciable quantities of aluminum ion substituting Fe.
Other cations such as Cr, Ge, Ni, Co and Mn may also sub-
stitute Fe in natural goethite.

This substitution may affect the dehydroxylation temper-
ature. The main peak for the dehydroxylation of Mn-bearing
goethite is identified at about 30 °C higher as in the case of
pure goethite (Figure 4.2.1b) (The XRD pattern for man-
ganese goethite shows broadened hkl reflections that have
approximately the same d values as those of goethite

oy 0

3.0

6.0

r %

r9.0

r12.1

T T T T 15.1
0 200 400 oC 600 800 1000

Figure 4.2.1c. Thermogravimetric curves of a sample containing alumo-
goethite



(MANCEAU et al 1992, WELLS et al. 1992).) The same trend in the temperature shifting of dehydroxylation is observed for
Al-substituted goethites with aluminium concentrations up to 25 mol% (Figure 4.2.1b — JONAS, SOLYMAR 1970a, b).

Sample: bauxite, Koldusszallas, Hungary
Sample mass: 118.7 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 2.97%

Alumo-goethite content of the sample based on the reaction: 19-29%*
Other thermally active minerals in the sample: gibbsite, kaolinite, diaspore, calcite.
*Stoichiometric factor varies between 6.6 (pure boehmite) and 9.9 (pure goethite) (Figure 4.2.1c¢).

References: 17, 210, 309, 368, 410, 430, 528, 529, 553, 557, 558, 583, 636, 699, 711, 751, 782, 927, 928, 974, 996, 1116,

1018, 1142, 1144, 1172

4.2.2 Lepidocrocite y-FeOOH

Reactions of the mineral:

1. Dehyroxylation (the reaction is at a somewhat (about
10-40 °C) lower temperature and the peak is much narrow-
er than in the case of goethite)

y-FeOOH — y-Fe,O, (maghemite) +H,O.

Stoichiometric factor of the reaction: 9.9.

2. After dehydroxylation over 400 °C, recrystallization
(exothermic)

y-Fe,0, = o-Fe,0, (hematite).

Sample: Beremend, Hungary

Sample mass: 165.8 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 0.74%

Lepidocrocite content of the sample based on the reac-
tion: 7%.

Other thermally active minerals in the sample: montmo-
rillonite, kaolinite, calcite, amorphous ferric hydroxide.

References: 41, 212, 636, 751, 782, 1038, 1081, 1172

4.2.3 Manganite y-MnOOH

Reactions of the mineral:
1. at 350400 °C: dehydroxilation
¥Y-MnOOH — Mn O, + H,0.
Stoichiometric factor of the reaction: 9.8.
2. at 950-980 °C: reduction:
Mn,O, = Mn,O,.
Stoichiometric factor of the reaction calculated for the
mineral: 30.3.

Sample: Eplény, Hungary

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during the dehydroxylation: 5.6%

Manganite content of the sample based on the reaction:
55%.

Other thermally active minerals in the sample: pyrolusite.

Reaction 2 belongs to both manganite and pyrolusite.

References: 7, 96, 231, 412, 419, 635, 665, 761

3.7

7.3

- %

0.74%
F11.0

r14.6

, . T r . . 7 T 18.3
200 400 o 600 800 1000

Figure 4.2.2. Thermogravimetric curves of a sample containing lepi-
docrocite

dmide |
[mg/min]

m[%] 0

14

0 100 200 300 400 gié_u 600 700 800 900 1000

Figure 4.2.3. Thermogravimetric curves of a sample con-
taining manganite
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r3.1

A

9.3

r12.4

544

T T T 155
0 200 400 600 800 1000

Figure 4.2.4. Thermogravimetric curves of a sample containing
boehmite

References: 133, 336, 363, 508, 553, 579, 953, 954

\.

F3.9

7.7

A

T 19.3
800 1000

Figure 4.2.5a. Thermogravimetric curves of a sample containing dias-
pore

Two varieties of diaspore (well- and badly crystal-
lized) can be distinguished by thermal analysis or by
infrared spectroscopy. On X-ray diffraction diagrams the
two varieties give homologous lines (GOUT, JAUBERTHIE
1976).

References: 133, 364, 414, 427, 428, 553, 579, 953
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4.2.4. Boehmite y-AIOOH

Detailed reactions of boehmite:

1. at 500-600 °C: dehydroxylation:
y-AIOOH — y-A1,O,+ H,0
Stoichiometric factor of the reaction: 6.6.
2. at 850-930 °C: exothermic

¥-ALO, = 3-ALO,

3.6-AL,0, 2 6-ALO,

4. higher as 1000 °C:

0-A1,0, = 0-ALO,

Sample: PruZina, Slovakia

Sample mass: 213.9 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 6.68%

Boehmite content of the sample based on the reaction: 44%.
Other thermally active minerals in the sample: goethite.

4.2.5. Diaspore o-AIOOH

Thermal reaction of dispore:

at 450-600 °C: dehydroxylation: (temperature depends
on the degree of crystallinity, see Figure 4.2.5b)

0-AlOOH = a-ALO,+ H,0

Stoichiometric factor of the reaction: 6.6.

Sample: Sz6c, Hungary

Sample mass: 206.9 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 5.26%

Diaspore content of the sample based on the reaction:
35%

Other thermally active minerals in the sample: gibbsite,
boehmite, Al-goethite, kaolinite

600

A

y=39.801x+ 434

y = 45 04 + 451 34

£

&

o 05 1
logimg)OH

Figure 4.2.5b. PA curves of Hungarian diaspore and boehmite minerals
from bauxite
(M@= boehmite, A= diaspore)



4.2.6. Alumogel AIOOH+nH,O

It is an amorphous aluminum hydroxide that is a constituent of bauxite
Thermal reactions:

1. 100-150 °C: dehydration = amorphous aluminum hydroxide,

2. 400-500 °C: dehydroxylation (broad) = amorphous Al O,,

— y-(and/or k-)ALO, = 0-ALO, = o-ALO,.

Reference: 956

4.3. Hydroxide containing multiple cations
4.3.1. Lithiophorite (Al,Li)(OH) -MnO,

Thermal reaction of the mineral between 430-500
°C: escape of OH and structural decomposition. e DTG
Stoichiometric factor of the reaction: 7.1-8.2. [mg/min]
Sample: Eplény, borehole 35, Hungary |
Sample mass: 1000 mg |
Heating rate: 17 °C/min
Mass loss during the dehydroxylation: 1.8%
Lithiophorite content of the sample based on the
reaction: 12—15%
Other thermally active minerals in the sample: 5
gibbsite, boehmite, calcite -

m[%] 0

References: 314, 402, 1165

15

20

T T T T T T T | T
0 100 200 300 400 oc 500 600 700 800 900 1000

Figure 4.3.1. Thermogravimetric curves of a sample containing lithio-
phorite

4.4. Other hydroxides

References: 176: feroxyhyte, 513: elisavetite = asbolane, 567: manganates, 782: acaganeite

4.5. References for bauxite

61, 322, 515, 560, 561, 565, 608, 612, 654, 736, 813, 1018, 1179, 1188
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5. SILICATES

Phyllosilicates are investigated by thermal analysis most frequently among silicate minerals.

5.1. Phyllosilicates

Phyllosilicates are the most intensively investigated category of the silicates by thermal analysis.

Classification of the main groups is based on the condensation of tetrahedra and octahedra sheets. Further subdivisions
can be made on the basis of the nature of octahedral sheets:

— Dioctahedral sub-groups: two out of three octahedral positions are filled by trivalent ions, such as AI** (gibbsite-like
sheets)

— Trioctahedral sub-groups: all the three octahedral positions filled with divalent ions, such as Mg* (brucite-like
sheets)

The next step of subdivision to species can be based either on chemical (the nature of the ions in octahedral positions)
or on structural (manner of superposition of the layers) features.

Many isomorphous substitutions can occur in these minerals and this frequently leads to an excess negative charge
which may be satisfied by other substitutions within the lattice, or usually, by cations or water external to the layer.

The main thermic reactions are:

— dehydration (information on interlayer space and on the order of the structure),

— dehydroxylation (information on the octahedric layer).

5.1.1. The 1:1 layer type clay minerals

Structure of these minerals consists of one octahedral joined to one tetrahedral sheet.

Table T5.1.1. Thermoanalytical data of 1:1 layer type clay minerals

Ciroup Subgroup Type ol species Species Trehydrition Dch}'dm.!r}'latim; .(‘|] Phase transition
Kaohmi{e- thoctahednc; structural kaohmle - 530-590 990- 1000
serpentine kaolinite lireclay H,O0<0OH 500 560 940 980
halloysite 11.0=011
dickile - 600-670 995-1010
trioctahedric: | chemical I'e serpentine 400 650 640 630
serpentine (cronstedtite)
Ni-serpentine e b 500-750 800-830
(faleonduoite) at fldllL_l aggi”
structural | Mg-serpentine ’ 640-730 800-840
chrysotile 780-820 300-340
anbigorile
Reference: 323
5.1.1.1. Kaolinite subgroup e Lo
« . . DTG
5.1.1.1.1. Kaolinite (kaolinite-T )
/ F2.6
ALSi 0 (OH), :
Reactions: Fsz
1. between 530-590 °C: endothermic: dehydroxylation: 1338 % ‘
AlLSi,0,(OH), = Al,0,2SiO, (amorphous meta- s [

kaolinite) + H,O [78
Stoichiometric factor of the reaction: 7.17.
2. between 900-1000 °C: exothermic: transformation
into crystalline phases
AlL0,28i0, = 2A1,0,-38i0, (primary mullite or
pseudomullite: Si-Al spinel with mullite-like composition) . 200
+ amorphous SiO,+ y AL,O,

68

r10.4

573/

T T T
400 oC 600 800 1000

Figure 5.1.1.1.1a. Thermoanalytical curves of kaolinite



Sample: Georgia (International Standard, Clay Minerals Society)
Sample mass: 130 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 13.28%

Kaolinite content of the sample based on the reaction: 95%

Based on the temperature and empirical quantities describing the shape of thermoanalytical peaks as well as on the esti-
mated kinetic constans it is possible to determine the polytype modification and the crystallinity stage of kaolinite also by
thermal analysis. Observation of fine changes in certain parameters can be useful for genetic interpretation. Many of the
authors have published different classifications of kaolinite types based on temperature, symmetry, width, intensitity ratios

of thermal peak (Table T5.1.1.1.1a, b; Figure 5.1.1.1b).

Table T5.1.1.1.1a. Characterisation of kaolinite types based on different DTA parameters

These data reflect that dehydroxylation in effect is a two-stage process. The first
step is the removal of the OH-groups from the external surface; the second step is
the removal of internal OH-groups. With the change of the stacking of the layers at

Peak temperature Peak temperatare Atﬂmt_i‘m L'J.wrlg}-' of )
, I - ; dehydroxylaiion Resclion order
of Slope ratio of the dehydroxylation peak of the o : .
o o (Irom isothermal (lrom TYTA)
dehydroxylation gxothermic peak weight loss)
Mincral name — - - — P — - ',."' - ——
MACKENZIE BramAn et al. RomkR180N ol SMYKATZ K1LOSS Murray, Wi KIssinGER
(1957 (1932) al. (1954) (1974) (1949) (1957)
0) in Keal/mol
‘ (in kJ/mol)
Dickite 680 48 (199)
Nacrile 66()
Kaolinite 38() 0.78 1.5 0.8 1 980 1005 38 40 (139 167) 1.06
Fireelay 1.5-24 1.2-14 940 22-30 (92-126)
Halloysite 560 2538 1.8 34 37 (142 155) 035 07

Table T5.1.1.1.1b.

SMYKATY KI0SS
(1974)

PPeak temperature
ol dehydroxylation

different orders or polytypes, the process of the removal of OH is different. _ _ Co
o . h . . . . . Extremely disordered <530
The 980 °C exothermic peak is affected by impurities. Ferric oxide on particle — z
. Strongly disordered 530-555
surfaces broadens and reduces the size of the peak markedly. STightly disordered 3535 375
The SMYKATZ-KLOSS ( 1974) use another nomenclature (Table T5.1.1.1.1b). Well ordered >573
The author introduced different new parameters that may be possible to meas-
ure from the thermogravimetric data (FOLDVARI, KOVACS-PALFFY 1993, FOLDVARI,
GERMAN-HEINS 1994, FOLDVARI 1997). These are the followings:
— corrected peak temperature or temperature deviation from the comparative standard (Figure 5.1.1.1.1c),
— calculation of the activation energy based on dynamic TG (ARNOLD et al. 1987),
Kuolinile, Sedlec —+05
AR wirn fi[
A B/ DIA - I(KX)
WIN'TH [
IEND)I(EX -
. (ENDY/I(EX) [ o
t ) - 590
WIDTII B 530 —
- 570
i 560 kaolinite Mesa Alta deviation
B O ..em
B 5 b measured
- sS40 exir: ted
. : : | | M - -1.1 530 ———
400 °C 1000 520
-0.2 (1} 0.2 0.4 0.6 0.8 1.0 1.2 1.4
T(END) T(EX) log (mg)OH in Kaolinite

Figure 5.1.1.1.1c. Indirect parameters for the characterisation of kaolinite

Figure 5.1.1.1.1b. Thermoanalytical parameters used
for the determination of the crystalinity of kaolinite

from the DTA curve kaolinite examined

Corrected (extrapolated) temperature=peak temperature of 13.95 mg OH in 100 mg kaolinite, devi-
ation = peak temperature difference between 100 mg the well-ordered kaolinite from Mesa Alta and
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L s — HL.O=0.96% Figure 5.1.1.1.1d. Thermoanalytical parameters used for the the determination of the crystal-
TG | | /P ? inity of the kaolinite from the DTG curve
7 | | w=20% OWH.O
| | |
i I | — symmetry characterised by o, = percentage of decomposed part at
|| Ognan =34%0 the maximum rate of the reaction,
% | OH-11.9% . .
4 I I — width of the dehydroxylation peak T(0.8-0.2),
| a=30% | — proportion of OH/H,0O.
— L A\ The use of corrected temperature data is more characteristic and compa-
[ } rable. An extrapolation from the measured peak temperature and from the
15 — mass change during the decomposition process (measured by TG) to a stan-
pTE dard quantity (e.g. 100 mg kaolinite=13.95 mg OH in kaolinite) of the
decomposed product makes our data comparable.
T T T T T T T T
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Figure 5.1.1.1.2. Thermoanalytical curves of dickite
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5.1.1.1.2. Dickite (kaolinite-2M) ALSi, O (OH),

Reactions:
1. between 600 and 670 °C: endothermic: dehydroxylation:
ALSiO,(OH), = AlLO,2Si0, ( amorphous

metadickite)+H,O

Stoichiometric factor of the reaction: 7.17.
2. between 990 and 1020 °C: exothermic: transformation

into crystalline phases

ALO,2Si0, = 3A1,0,2Si0, (mullite).

Sample: Borehole Sarospatak—65 10.2 m, Hungary
Sample mass: 118.9 mg

Heating rate: 10 °C/min

Mass loss during the dehydroxylation: 13.31%

Dickite content of the sample based on the reaction: 95%

5.1.1.1.3. Fireclay (kaolinite-1M )
ALSi,O(OH),nH,0 (n<2)

Reactions

1. between 40 and 200 °C: evolution of adsorbed water:
ALSi 0, (OH),.-nH,0 = Al Si O, (OH),+nH,O

2. between 530 and 590 °C: endothermic: dehydroxyla-

tion:

ALSi O (OH), = ALO,-25i0,+ H,0
Stoichiometric factor of the reaction: 7.17
3. between 900 and 1000 °C: exothermic: transformation

into crystalline phases

AlLO,28i0, = 2A1,0,-3Si0, (primary mullite or

pseudomullifefSi-Al spinel with mullite-like composition) +
amorphous SiO,+ vy ALO,.

Sample: Germany

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during dehydration: 5.0%

Mass loss during dehydroxylation: 11.9%

Fireclay content of the sample based on the reaction:

(11.9-7.17)+5=90%

Figure 5.1.1.1.3. Thermoanalytical curves of fireclay



5.1.1.1.4. Halloysite ALSi,O (OH) -2H,0

Reactions
1. between 40 and 200 °C: dehydration: oot
ALSi,0,(OH),-2H,0 = Al Si O,(OH),+2nH,0
Stoichiometric factor of the reaction: 8.2.
2. between 530 and 590 °C: endothermic: dehydroxylation:
ALSi,0,(OH), = Al O,2Si0, <metahalloysite) +H0
Stoichiometric factor of the reaction: 8.2.
3. between 900 and 1000 °C: exothermic: transformation from
amorphous metahalloysite into crystalline phases
ALO,28i0, = 2A1,0,-3Si0, (primary mullite or pseudo- 101
mullite: Si-Al spinel with mullite-like composition) + amorphous
SiO,+ vy ALO,

+10-

ATEC] 0]

-20
Sample: Aranybdnyabérc, Métra Mountains, Hungary
Sample mass: 900 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 11.8% mi%] 0
Mass loss during dehydroxylation: 11.8%

Halloysite content of the sample based on both reactions: 97% 5

-30

Metahallyosite curve is the same with the difference that the 101
sorbed water peak is absent.

20

0o 200 300 400 500 600 700 80 900 1000
o

Figure 5.1.1.1.4. Thermoanalytical curves of halloysite

5.1.1.1.5. Allophane non-crystalline
mALO -nSiO,.pH,0 or ALO -(Si0,),, -(H,0)

1.3-2 2.5-3

Reactions

1. at 100-200 °C: endothermic:

dehydration of the colloidal alumosilicate, the process is
continuos up to much higher temperatures.

2. exothermic peak at 950-1000 °C:

formation of spinel.

103

r20.6

Sample: Venezuela
Sample mass: 104.4 mg
Heating rate: 10 °C/min

Temperature of the exothermic peak decreases with [

increasing Fe-content of allophane.

Thermoanalytical curves of hisingerite [Fe *Si,O,(OH), . . . : . -
2H,0] which is an iron containing member of the allophane ~ © " LS e togo
group are similar to the curves of allophone, however, the Figure 5.1.1.1.5. Thermoanalytical curves of an allophane containing
exothermic reaction is at a slightly lower temperature sample
(850-900 °C).

sheksk

References for kaolinite subgroup: 19, 28, 76, 80, 109, 128, 129, 145, 150, 155, 156, 169, 170, 214, 322, 324, 331, 346,
362, 367, 387, 393, 403, 423, 451, 464, 467, 471, 479, 492, 494, 495, 527, 553, 563, 572, 575, 595, 619, 625, 626, 645, 659,
674, 675, 694, 697, 700, 701, 735, 747, 770, 907, 929, 951, 987, 1007, 1008, 1027, 1029, 1030, 1041, 1108, 1142, 1153, 1182
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5.1.1.2. Serpentine subgroup

The main thermal reactions of serpentines are similar to that of kaolinites, namely a dehydroxylation and an exothermic
phase transition. However, in the case of serpentines there is no intermediate phase or by comparison with kaolinite dehy-
droxylate, amorphous phase exists over a very short temperature range. The decomposition of chrysotile is more complex
than understood previously.

Temperature of the reactions depends on the cation type in the octahedral layer (see Table T5.1) and on the polymorph
modification. Sometimes there is a small low-temperature endothermic peak due to the adsorbed moisture of the hydro-vari-
ety. Serpentine readily adsorbs water on its highly hydrophobic surface.

The thermally best interpreted serpentine minerals are antigorite, chrysotile and lizardite. There are some contradictions
in the literature data for the main Mg-serpentine types (Table T5.1.1.2a, b).

Table T5.1.1.2a. Characteristic peak temperatures of Mg-serpentines based on different references

Refer Endothermic { ') [xothermic (")

cferences - - - —— . —
lizardite chrysotile antigorite chrvsotile antigorite

Inflexion at the low
NAGY, FausT (1956) temperature side of the 670-710 800 805-825 870
chrysotile peak

VENIALE (1Y62) 680700 780800 B00-810 20840

Wener, Grrer (1963) 635 (65 T00

NAUMANN, DRESHER (1966) 700 800

BasTA et al. (196Y9) 630683 40730 T80-820 770835 810835

Tvanova (1974) 750 800 790-820 overlapped

SMYKATZ KL0ss (1974) 775 720 520 hEN]

Magruin (1977) 810

MACKENZIE, CATLLERE (1979) 699 809

PEREZ-RODRIGUEZ et al. (2003) 748 816

Table T5.1.1.2b. Temperature interval data of Mg-serpentines

Refor ALX-EN () cr-Value (')

cferences - — : —
chrysotile | antiporite | chrysotile antiporite

BasTA et al. (1969) 73 100 30 35

Suvka17-Kioss P

(1974) 48 113

Proposed other DTA characteristics for the serpentine types AEX-EN = o-Value = the temperature interval between the
decomposition peak and the exothermic peak.

Further problems are the nature of the dehydroxylate influences the further course of the reaction sequence.

The exothermic peak at the Mg-serpentines is related first of all to the formation of forsterite.

Interpretation of reactions according to GRUNER (1948) and BRINDLEY, ZUSSMANN (1957):

600-700 °C:
Mg,[Si,0,[(OH), = 3Mg,[SiO,] + SiO, + H,0
serpentine —  forsterite 4+ amorphous

10501080 °C:
3Mg,[SiO,] + SiO, = 2Mg,[SiO,] + Mg,[Si,0,]

forsterite + amorphous —* forsterite +  enstatite
Interpretation of reactions according to KOLTERMANN, RASCH (1964):
600-700 °C:

Mg,[Si, 0, I(OH), = 2Mg,[SiO, ]+ Mg [Si,0,]
serpentine ™ forsterite  + enstatite (amorphous)

1050 °C:

2Mg [SiO,] + Mg [Si,0,] = 2Mg,[SiO,] + Mg [Si,O,]

forsterite+enstatite (amorphous) ™  forsterite  + enstatite (crystalline)

Accorfing to the concept of the following authors, a subsequent separation plays role during the transition as shown by
Figure 5.1.1.2a.

The concept of MACKENZIE, MEINHOLD (1994) in Figure 5.1.1.2b explains the doublestage dehydroxylation that may be
seen on the TG and DTG curves of numerous diagrams (e.g. 5.1.1.2¢, 5.1.1.2d, 5.1.1.2e)
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Ball- Taylor (1963) Brindley-Hayami (1965) Martin (1977)
9Mg,5i,0,{0H), 6Mg,5i,0,(0H), THg,Si,0,{0H),
chrysotile
9Mg,5i, 0 (OH), 2Mg.5i.0[OH), | sMg,5i 0,10H), 2Mg 510, {OH], ( 4Mg 5i,0JOH}, 3Mg,5(,0jOH

aceeptor 28H donor acceptor | 16H [ donor 1 1
region " region region | g | region ) .
GMg 6Mg 4Mg.Si,0, 3Mg 50,
Go0°C 48 18i l ‘ disordered ‘ ‘ disordered ‘
i 600 °C
Mg 5.0 18H,0 o phase phase
chrysotile {+pores) 9Mg,SIO : +8H0
dehydroxylate 6518, + 2 +6H,0
N disorganized 35'02
j 800°C \ forsterite
Mg 2Mg
Mg-rich | s Si-rich Mgtich | g | Sirich
region =P | region 800-1000 °C region b | region
Si Si
l Mg, 5i0, 6Mg 35i0,
Mg,Si0, 1000 °C | forsterite ‘ — | silira |
.
orsterite
Thg,5i0, 7MgSi0,
Mg, SiC Mg, S0 i
9% Mgsio, bMp,5i0, mgsp, [ forsterite | [ enstatite |
‘ forsterite | ‘ enstatite ‘ | forsterite ‘ | enstatite ‘

Figure 5.1.1.2a. Thermal reaction schemes of reaction sequences of Mg-chrysotile.
According to BALL, TAYLOR (1963), BRINDLEY, HAYAMI (1965), and MARTIN (1977).
Summarized by MACKENZIE, MEINHOLD (1994)

The simplified reactions of Mg-serpentines for quantitative

evaluation

1. between 640 and 820 °C: endothermic: dehydroxylation and

Mg [Si,0, I(OH), = 2Mg [Si,O,] + 4-(residual OH)-H,O
2. between 800 and 840 °C: exothermic: structural decompo-
sition, formation of forsterite and escape of residual OH
2Mg [S1,0.] = 3Mg,[SiO,] + SiO, + (residual OH)-H,O
Stoichiometric factor of the whole dehydroxylation: 7.7.

Sample (Figure 5.1.1.2¢): Tornakdpolna, borehole Tk-3 371.5

m, Hungary

Sample mass: 1000 mg
Heating rate: 17 °C/min
Mass loss during dehydroxylation: 11.8%
Serpentine content of the sample based on the reactions: 90%

Sample (Figure 5.1.1.2d): Italy
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Figure 5.1.1.2b. Schematic representation of pro-
posed chrysotile reaction sequences according to
MACKENZIE, MEINHOLD (1994)

Sample mass: 1000 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation: 11.2%

Serpentine content of the sample based on the reactions: 86%

“Hydroantigorite” was described as a new mineral species by
ERDELYI et al. (1962) from a serpentine xenolith found in a quar-
ry at Csédi Hill near Dunabogdany, Hungary. It was defined as
monoclinic serpentine that is characterised by an OH for O sub-
stitution in the tetrahedral layer. Standard reference works (e.g.
STRUNZ, TENNYSON 1982, CLARK 1993) regard “hydroantigorite”
as antigorite with some OH excess.

Topotype specimens corresponding to the original description
given by ERDELYI et al. (1962) were examined by optical, XRDPD,
thermal (Figure 5.1.1.2¢) and IR methods and data were reinter-
preted (Papp et al. 1999). Despite its name ‘hydroantigorite”

500 600

oC

0 |II|II lelll _Hllll J»il'lll TO0 Ko 900

Figure 5.1.1.2¢c. Thermoanalytical curves of chrysotile
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Figure 5.1.1.2e. Thermoanalytical curves of “hydroantigorite”

proved to be unrelated to antigorite, the dominant component of the
samples was found to be orthochrysotile and some polygonal ser-
pentine, poorly formed serpentine (deweylite), and very few
lizardite. No direct evidence was found for the supposed OH for O
substitution.

Sample (Figure 5.1.1.2e): Dunabogdény, Csédi Hill, Visegrad
Mts, Hungary
0 W00 200 300 400 .':t'u_u GO0 700 RO 900 1000 Sample mass: 107.4 mg
* Heating rate: 10 °C/min
Figure 5.1.1.2d. Thermoanalytical curves of lizardite Mass loss during dehydroxylation: 13.03%
Serpentine content of the sample based on the reactions: 100%

In the case of iron serpentine (berthierine, greenalite, cronstedtite etc.) there is the oxidation of iron as additive reaction.
The internal oxidation of Fe?* to Fe** occours before or simultaneously with the dehydroxylation. During the low-tempera-
ture oxidation of octahedral Fe*, tetrahedral Fe** also moves into vacant octahedral sites. At higher temperatures, dehydrox-
ylation continues in the immediate formation of iron and silicon that transform subsequently into crystalline hematite,
olivine and cristobalite, while the more aluminous sample forms FeAlO3 and mullite as well (MACKENZIE, BEREZOWSKI
1981, 1984; MACKENZIE, MCGAVIN 1994).

Conclusion of the experiments: In the teeth of multiple information the confident identification of the member of ser-
pentine by both thermal and XRD analyses (WIcks 2000) is limited.

sokk

References for serpentine subgroup: 5, 59, 70, 126, 127, 130, 132, 148, 158, 180, 188, 286, 303, 482, 513, 553, 564, 594,
676, 677, 678, 681, 694, 708, 714, 717, 775, 783, 811, 861, 866, 890, 925, 956, 981, 1071, 1102, 1103, 1140, 1154

5.1.2. 2:1 layer type clay minerals

Table T5.1.2. Thermoanalytical data of the main 2:1 layer type clay minerals

Giroup Subgroup Type of species Speeies Diehydration Dehydroxylation Phase transition
dctahednc: Al
pyrophyllite : 650 850 °C
Pyrophylhie-tale | trioctahedric: e M
minnesotaile hif;l £ =600 C
tale s 850 1000 "C
chemical:
Cr volkonskoile 390 470 -C
dioctahedric l'e nontronite + 400 300 °C <900 "C
S Al beidellite 550-600 °C
Smectite Al Mg .. | montmorillonite =700 “C
In sauconite 680 750 "C
trioctahedric Mg, Li | hectorite + 850-900 “C <900 “C
Mg sapomle #30 900 -C
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Table T5.1.2. Continuation

Ciroup Subgroup Type of specics Species Dehydration Dehydroxylation Phase transition
. - muscovite 820920 °C
dioctahedric paragonite 300-850 *C
chemical:
S - LiAl lepidolite =900 "C
Mica di-troctahedrie 900-950 - C
L1, Fe Al | anwaldile
chemical:
tripclghedric Mg, Fe,Mn biolile 1080-1180 ~C
Mg phlogomte 1180 1280 °C
dioctahedric Al illite I =350 'C =000 °C
R E g, | glauconile, =550
Mydromica di-trigetahedric Fo ALFC Mg | e + 550 “C 900 “C
trioctahedric Mg --!"‘?4‘“‘? - I =860 "C >900 "C
parasepiolile

The structure of these minerals is composed of two tetrahedral sheets with the octahedral sheet in between.

Typical dehydroxilation reactions of 2:1 type phyllosilicates are summarized in Table T5.1.2

During the dehydroxylation of dioctahedric phyllosilicates cations often migrate and change the cis- and trans-octahe-
dra and have (partly?) 5-fold coordination. Al and Mg cations have a greater ability to migrate. (BROWN et al. 1987,
CUADROS, ALTANER 1998, EMMERICH, KAHR 2000, 2001, MULLER et al. 2000a, b, SAIz-Diaz et al. 2005

References: 140, 200, 274, 275, 323, 433, 764, 765,

937, 1008, 1009

5.1.2.1. Pyrophyllite-Talc group

Since these minerals have no substitution in their layers, their structure consist only of the octahedral and tetrahedral
layers without any interlayer cation and molecular water.
The typical thermal reaction is the dehydroxylation of the octahedral layer. The temperature of this reaction depends first

of all on the cation in the octahedra.

5.1.2.1.1. Pyrophyllite: ALSi O, (OH),

Reaction of the mineral between 650 and 850 °C:

dehydroxylation and structure decomposition:
3A1,81,0 (OH), = 3A1,0,-28i0, (mullite) +

10SiO (cristobalite) +3H,0

The dehydroxylation of pyrophyllite may be a two-
stage process.

Stoichiometric factor of the reaction: 20.

According to some of the authors an exothermic
peak detected at 1000—1050 °C in DTA curves signals
the transformation of pentahedral coordination of Al
into mullite.

Sample: Berezovsk, Russia

Sample mass: 280 mg

Heating rate: 17 °C/min

Mass loss during dehydroxylation: 5.0%

Pyrophyllite content of the sample based on the
reactions: 100%

DTG
dm/dt

0
[mg/min] "\/__’_

m|%] 0

5 5.0 % [i_

10 TG

0 100 200 300 400 500 600 700 800
°oC

Figure 5.1.2.1.1. Thermogravimetric curves of pyrophyllite

100
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5.1.2.1.2 Tale Mg Si 0, (OH),

ld"g'//d{ TN The reaction of the mineral between 850 and 1000°C: dehy-
droxylation and structure decomposition:

| Mg.Si,0, (OH), = 3MgSiO, (enstatite) + SiO, + H,0

\ Stoichiometric factor of the reaction: 21.05.

\

\

Sample: Szogliget, Hungary

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during dehydroxylation: 4.3%

Talc content of the sample based on the reactions: 90%
Other thermally active mineral in the sample: calcite

T T T T T T T T T
[l 100 200 300 400 500 600 700 800 %00 1000
°C

Figure 5.1.2.1.2. Thermogravimetric curves of a talc containing
sample

sokk

References for pyrophyllite-talc group : 14, 21, 115, 341, 427, 428, 448, 478, 513, 553, 623, 680, 682, 694, 714, 745, 778,
859, 874, 941, 942, 943, 944, 945, 956, 963, 967, 970, 981, 1071, 1118, 1119, 1151

5.1.2.2. Smectite group

Typical dehydroxilation reactions of the minerals in the smectite group are shown in Table 17 and 36. The features of
dehydration are discussed in detail in the Chapter of “Water in Minerals. Dehydration: Adsorbed water: Interlayer waters
bound by phyllosilicates”. Further we follow the point of view that dehydroxylation depends on the octahedral cation and
the structure.

5.1.2.2.1. Montmorillonite
(Na, Ca)o’j(Al,Mg)ZSi40]0(0H)2-n(H20)

5.1.2.2.1.1. Ca-montmorillonite

The reaction of Ca-montmorillonite:

1. between 100 and 200 °C: endothermic dehydration (loss of sorbed moisture and interlayer free water). On the high
temperature side of the peak an inflexion signals the escape of the water bounded to interlayer cation.

Stoichiometric factor of the reaction for air-dried sample (n=7): about 6.8 (because of the two water layers in the inter-
layer space).

2. about 700 °C: endothermic: dehydroxylation and formation of an amorphous meta-montmorillonite phase.

Stoichiometric factor of the reaction: about 24.

3. between 850 and 1000 °C endothermic-exothermic peak system: solid phase structural decomposition and crystallization
of cordierite, mullite, Mg-spinel, quarz, cristobalite.

Due to the uncertainty of the water content of montmorillonite a control method is required for the calculation based on
the quantity of OH in the molecular-waterfree structure (4.9%). The calculated montmorillonite content in this case: stoi-
chiometric factor based on the mass loss during the second reaction related to interlayer-waterfree structure: 20.4 (+ the
interlayer-water content in absolute value).

Sample (Figure 5.1.2.2.1a): Buru, Romania

Sample mass: 158.1 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 7.6%

Mass loss during dehydroxylation: 2.6%

Montmorillonite content of the sample based on the first reaction: 52%
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Montmorillonite content of the sample based on the
second reaction: 62%

Montmorillonite content of the sample based on the
waterfree calculation: 61%

Another excellent control method for the quantitative
determination of montmorillonite and other swelling clay
minerals was introduced by FIEDLER, WAGNER (1967). The
method is based on the measurement of intercalated ethyl-
englycole content that correlates to the montmorillonite
content of the sample (Figure 5.1.2.2.1b and c)

Sample: Végardd, borehole III. 50.98-52.93 m,
Hungary

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during dehydration: 15.3%

Mass loss during dehydroxylation: 3.25%

688

7.6%

L%

‘ 4.1
|
|
\

F6.2
N Iy -
82
2.6 %
/'/
141
" T 7 - 103
0 200 a0 600 800 1000
Figure 5.1.2.2.1.1a. Typical thermogravimetric curves of primary Ca-
montmorillonite

Montmorillonite content of the sample based on the first reaction: 100%
Montmorillonite content of the sample based on the second reaction:77%
Montmorillonite content of the sample based on the waterfree calculation: 81%

Other thermally active mineral in the sample: pyrite

The same sample with ethylenglycole treatment:

For the quantitative determination 1 mg ethylenglycole is built in 10.7 mg montmorillonite relation used.

DTG

am/dt o |
[mg/min]

+20—]

+10 —

AT[°C] 0—

-20—

-30

m[%] 0

\ , 153 %

1 TG 3.25Y

0 100 200 300 400 500 600 700 800 900 1000
N
C

Figure 5.1.2.2.1.1b. Derivatogram of sample containing montmoril-
lonite

dovdt
[mg/min]
|ethylenglyc0le ‘
| builded into the
|interlayer ‘
| \
N |
overflowing
ethylenglyfol ‘
| \
interlayer water | |
0 | I
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50 | \
| \
_ | |
100 — ‘ }
| | \
me | |
150 | ‘
- I \
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Figure 5.1.2.2.1.1.c. Quantitative determination
using ethylenglycole
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Sample: Végardo, borehole III. 50.98-52.93 m, Hungary
Sample mass: 500 mg

Ethylenglycole: 120 mg

Heating rate: 10 °C/min

Mass loss during the third reaction (ethylenglycole builded into the montmorillonite: 38 mg
Montmorillonite content based on the measured ethylenglycole content: 81%

The above base reactions are modified depending on the composition, substitution and history of montmorillonite.

5.1.2.2.1.2. Na-montmorillonite
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Figure 5.1.2.2.1.2. Typical thermogravimetric curves of primary Na-
montmorillonite

Mass loss during dehydroxylation: 2.25%

The reaction of Na-montmorillonite:

1. between 100 and 200 °C: endothermic: dehydration

Stoichiometric factor of the reaction for air-dried sample
(n=3.5): about 13 (because of the one water layer in the inter-
layer space).

2. about 700 °C: endothermic: dehydroxylation

Stoichiometric factor of the reaction: about 22.7.

3. between 850 and 1000 °C: endothermic-exothermic
peak system: structural decomposition and crystallization of
cordierite, mullite, Mg-spinel, quarz, cristobalite.

Stoichiometric factor based on the mass loss during the 2.
reaction related to interlayer-waterfree structure: 20.8 (+ the
interlayer-water content in absolute value).

Sample: Valea Chioarului, Romania
Sample mass: 135.7 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 5.94%

Montmorillonite content of the sample based on the first reaction: 77%
Montmorillonite content of the sample based on the second reaction: 51%
Montmorillonite content of the sample based on the waterfree calculation: 53%

5.1.2.2.1.3. “Abnormal montmorillonites”

In numerous cases the dehydroxylation of montmorillonite is a double step reaction. The structural irregularity may be
responsible for the double dehydroxylation peaks (“abnormal montmorillonite”). The “abnormal montmorillonite” gives
either two endothermic peaks at about 550 and 650 °C (Figure 5.1.2.2¢), or a single peak at about 550 °C (Figure5.1.2.2f).
This could be related to the different composition of the octahedral cation. Montmorillonites with different dehydroxylation
character but similar chemical composition are frequent. The dehydroxylation behaviour of dioctahedral smectites varies
with their origin and is related to the distribution of the cation and vacancies in the octahedral sheet and their cis- and trans-
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1000

800

0 200

Figure 5.1.2.2.1.3a. Thermogravimetric curves of an “abnormal mont-
morillonite” with double dehydroxylation
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vacant configuration. The hydroxyl configuration around the
two types of octahedral sites [cis (M2) and trans (M1)] is dif-
ferent. The cis-vacant configuration in montmorillonite is
more stable. The trans-vacant variety of montmorillonite is
characterised by dehydroxylation temperatures lower
(150-200 °C) than that of the cis-vacant one (CUADROS,
ALTANER 1998, EMMERICH, KAHR 2001). Their transforma-
tion is possible in various geological environments. An
important reason of the double or low temperature dehydrox-
ylation may be a secondary geological process (e.g. weather-
ing). The degraded montmorillonite is more widespread in
the nature than the “normal” variant.

Sample (Figure5.1.2.2.1.3a): Lastovce, Slovakia
Sample mass: 108.3 mg
Heating rate: 10 °C/min



Mass loss during dehydration: 11.5%

Mass loss during dehydroxylation: 3.45%

Montmorillonite content of the sample based on the first
reaction: 78%

Montmorillonite content of the sample based on the sec-
ond reaction: 82%

Montmorillonite content of the sample based on the
waterfree calculation: 82%

Sample (Figure 5.1.2.2.3b): Téllya, Hungary

Sample mass: 112 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 12.75%

Mass loss during dehydroxylation: 3.95%

Montmorillonite content of the sample based on the first
reaction: 87%

Montmorillonite content of the sample based on the sec-
ond reaction:93%

Montmorillonite content of the sample based on the
waterfree calculation: 92%

Other thermally active mineral in the sample: goethite

The high temperature endothermic-exothermic peak
system reflects also the composition of the smectite. The
shape and magnitude of this peak system are affected by the
substitution taking place in the lattice. The magnitude is
intensive in the case of montmorillonite with high Mg con-
tent, and decreases or absent in the case of high Al or iron
content. They are divided into two different types, namely
Cheto- and Wyoming-types. Regarding the Wyoming-type,
the third endothermic peak is followed immediately by the
exothermic peak (Figure 5.1.2.2.1.3c). In the case of the
Cheto-type, the intense endothermic reaction is followed
after an interval of 50-150 °C by a sharp exothermic peak
(Figure 5.1.2.2.1.3d) that can be correlated with the appear-
ance of quarz.

Substitution Wyoming-type Cheto-type

Si = Al 5-15% 5%

Al = Mg 5-10% 25-35%

Al PFe 5-15% 5%

Sample (Figure 5.1.2.2.1.3c): Ond borehole 318.8— 318.9
m, Hungary

Sample mass: 800 mg
Heating rate: 17 °C/min
Other thermally active mineral in the sample: pyrite

Sample(Figure 5.1.2.2.1.3d): Hetvehely, Mecsek Mts,
Hungary

Sample mass: 1000 mg

Heating rate: 10 °C/min
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Figure 5.1.2.2.1.3.b. Thermogravimetric curves of an “abnormal mont-
morillonite” with a low temperature dehydroxylation
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Figure 5.1.2.2.1.3c. DTA curve of a Wyoming-type montmoril-
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Figure 5.1.2.2.13d. DTA curve of a Cheto-type montmorillonite
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Figure 5.1.2.2.2. Thermogravimetric curves of iron beidellite

Mass loss during dehydroxylation: 4.05%

5.1.2.2.2. Beidellite
(NaCa), ALSi, Al, )0, (OH) ;n(H.0)

The reaction of beidellite:

1. between 100 and 200 °C: endothermic dehydration:

Stoichiometric factor of the reaction for air-dried sample
(n=7): about 5.8.

2. about 500-600 °C: endothermic: dehydroxylation

Stoichiometric factor of the reaction: about 20.4.

3. between 850 and 1000 °C: endothermic-exothermic
peak system: structural decomposition and crystallization of
new phases (spinel, quartz, cristobalite).

Sample: Egyhdzaskesz8, Hungary, basaltbentonite
Sample mass: 114.7 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 14.65%

Beidellite content of the sample based on the first reaction: 99%
Beidellite content of the sample based on the second reaction: 96%
Beidellite content of the sample based on the waterfree calculation: 97%

5.1.2.2.3. Nontronite (Na, Ca)oer’**Z(Si,Al)40]0(0H)2-n(H20)
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Figure 5.1.2.2.3. Thermogravimetric curves of nontronite
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Figure 5.1.2.2.4a. Thermogravimetric curves of saponite
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The reaction of nontronite:

1. Between 100 and 200 °C: endothermic dehydration:

Stoichiometric factor of the reaction for air-dried sample
(n=7): about 7.75.

2. About 400-500 °C: endothermic: dehydroxylation.

Stoichiometric factor of the reaction: about 27.

3. Between 850 and 1000 °C: endothermic-exothermic
peak system: structural decomposition and crystallization of
new phases (hematite, spinel, quartz, cristobalite).

Sample: Sajébabony, Hungary

Sample mass: 81.6 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 7.58%

Mass loss during dehydroxylation: 2.57%

Nontronite content of the sample based on the first reaction: 59%

Nontronite content of the sample based on the second
reaction: 69%

Nontronite content of the sample based on the waterfree
calculation: 69%

5.1.2.2.4. Saponite
(Na,Ca), (Mg Fe**) (Si,Al),0,(OH) -4(H,0)

1. Between 100 and 200 C°: endothermic: dehydration:

Stoichiometric factor of the reaction for air-dried sample
(n=7): about 7.75.

2. Between 800 and 850 °C: endothermic: dehydroxylation:

Stoichiometric factor of the reaction: about 27.

Simultaneous crystallization of enstatite, later cristobalite
and clinoenstatite.

Sample: synthesized, JCSS-3501 Reference Material,
Japan Calibration Service System

Sample mass: 130.4 mg

Heating rate: 10 °C/min



Mass loss during dehydration: 12.6%

Mass loss during dehydroxylation: 3.43% |

Saponite content of the sample based on the first reac- |
tion: 86% |

Saponite content of the sample based on the second reac- o I
tion: 92% |

Saponite content of the sample based on the waterfree |
calculation: 98% |

850

Sample: Praga Hill, Bazsi, Hungary 7N
Sample mass: 125.9 mg
Heating rate: 10 °C/min
Mass loss during dehydration: 8.85% i3

3.96%

2.7
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Mass loss during dehydroxylation: 3.96% 0 00 400 % 600 800
Saponite content of the sample based on the second reac-

tion: 94% Figure 5.1.2.2.4b. Thermogravimetric curves of iron-saponite
Saponite content of the sample based on the waterfree

calculation: 90%
skskok
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References for smectite group : 52, 54, 65, 68, 115, 140, 146, 147, 192, 200, 259, 260, 263, 274, 275, 291, 299, 301, 302,
304, 305, 310, 365, 400, 421, 423, 426, 434, 437, 490, 563, 590, 611, 615, 631, 634, 657, 687, 694, 709, 714, 740, 741, 749,

772, 882, 892, 897, 959, 966, 968, 971, 1040, 1085, 1103, 1141, 1158, 1164

5.1.2.3. Vermiculite group (Mg,Fe*',Al) (ALSi) O,(OH),n(H,0)

In natural vermiculite the exchangeable cation is Mg, or

perhaps Ca. In natural vermiculite, the silicate layers are sepa- DTG

rated by double sheets of water molecules carrying exchange- 82
able cations. The dehydration reaction is three steps process:
the first peak representing the water adsorbed on the surface, 828
the second one the water adsorbed between the layers and third 2

between 250-300 °C the escape the water bound to the
exchangeable cation respectivelly. The dehydroxylation
process takes place in the 450-850 °C range. The rate of this
reaction is very slow, therefore often it cannot be observed as a
distinct peak. The wide variations of the composition of the
vermiculites yield many differences in the dehydroxylation. 148 e
The product of dehydroxylation is a biopyribole (SUQUET et al.

DTA 839
105
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L oo
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1984). The dehydroxylation is followed by an endothermic- P
. o °c

exot}.lermlc peak system at about 890_900 C. Here the struc- Figure 5.1.2.3. Thermoanalytical curves of vermiculite

ture is destructed and the exothermic peak corresponds to the

crystallization of enstatite. With the variation of the iron-con-

tent the oxidation of ferrous to ferric iron may be observed. Hydrobiotite is an interstratification of vermiculite and biotite,

ever, thermoanalytical curves show only the vermiculite component.

Sample (Figure 5.1.2.3): Transvaal, South Africa
Sample mass: 115.2 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 9.24%

References: 67, 68, 69, 345, 542, 713, 860, 914, 1045, 1081, 1115
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Figure 5.1.2.4.1a. Unpulverised sample containing muscovite
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Figure 5.1.2.4.1b. Effects of dry grinding on muscovite
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Figure 5.1.2.4.1c. Thermogravimetric curves of same muscovite pul-

verised under methanol

5.1.2.4. Mica group

Muscovite is the most common dioctahedral mica.

5.1.2.4.1. Muscovite
KAL[AlSi O, (OH,F),]

Muscovite has a simple dehydroxylation reaction in the

temperature range of 8§20-920 °C.
KAL[AISi,O,(OH),] = KAISi,O, (sanidin)/or

KAISi, 0, (leucite) + AL O, (corundum )/or spinel + H O

Stoichiometric factor of the reaction: 22.2.

1100-1200 ° recrystallization to cristoballite, and mullite

Sample (Figure 5.1.2.4a): Piciorul Popii, Romania

Sample mass: 176.2 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation up to 1000 °C: 3.34%

Muscovite content of the sample based on dehydroxyla-
tion up to 1000 °C: 74%

The structure of muscovite is very sensitive for powering.
The mechanical activation of grinding results in the
rearrangement and the activation of Al-OH bond (dehydrox-
ylation at lower temperature) and migration of hydroxyls
(protons) occurs (thermal diffusion, prototropic rearrange-
ment) from the inner part of the mineral to the surface and
molecularly-bound water is formed. The increased specific
surface and the broken edges make the adsorption of atmos-
pheric water also possible (Figure 5.1.2.4.1b).

Sample (Figure 5.1.2.4b): Piciorul Popii, Romania

Sample mass: 147.9 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation: 1.6%

Mass loss during dehydroxylation up to 1000 °C: 3.85%

Muscovite content of the sample based on dehydroxyla-
tion up to 1000 °C:84%

In the case of grinding under methanol the crystalline
structure is preserved.

Sample (Figure 5.1.2.4¢): Piciorul Popii, Romania

Sample mass: 64 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation up to 1000 °C: 4.3%

Muscovite content of the sample based on dehydroxyla-
tion up to 1000 °C: 95%

Thermal curves of paragonite are similar to that of mus-
covite (the cation in the octahedral sheet is the same).

5.1.2.4.2. Biotite K(Mg,Fe**) [AISi O J(OH,F),

As it is shown in Table 17 and Table T5.1.2 the trioctahedral micas have no thermal reaction below 1000 °C (Figure
5.1.2.4.2a). Biotites sometimes show an exothermic effect between 400 and 600 °C, due to the oxidation of bivalent iron.
The most common alteration product of biotite is chlorite. The initial chlorite interlayering may be estimated in the thermal
curves at about 500 °C (Figure 5.1.2.4.2b). It is below the sensitivity of the X-ray diffraction. The other variation of biotite
(phlogopite) — hydrobiotite ™ vermiculite weathering is mentioned later.
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Figure 5.1.2.4.2a. Thermogravimetric curves of fresh biotite Figure 5.1.2.4.2b. Signal of the initial chloritization of a biotite separate

Sample (Figure 5.1.2.4.2a): Separated from rhyolithe, Greece
Sample mass: 73.3 mg
Heating rate: 10 °C/min

Sample (Figure 5.1.2.4.2b): Separated from rhyolithe tuff, Kisterenye, Hungary
Sample mass: 40,2 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation up to 1000 °C: 2.34%

The oxidation of iron in the temperature range of 500-600 °C and dehydroxylation as well as decomposition of phlogo-
pite in the temperature range of 900—1200 °C. The high temperature phases are spinel, leucite, mullite.
skskok
References for mica group: 6: biotite, 68: muscovite, paragonite, 119, 174:biotite, 340, 431: muscovite, 442, 502: biotite,
513: muscovite, phlogopite, biotite, lepidolite, zinnwaldite, 523: biotite, 541, 623, 652: muscovite, biotite, lepidolite, zin-
waldite, phlogopite, 652, 683: muscovite, 695, 696: muscovite, 714: muscovite, zinnwaldite, lepidolite, biotite, 799: lepido-

lite, 905, 968: 969: muscovite, phlogopite, lepidolite, zinwaldite, 973, 999: biotite, 1015: biotite, 1081: muscovite, margarite,
biotite 1093: phlogopite, 1101: muscovite, biotite, phlogopite, 1163: biotite

5.1.2.5. Hydromica (clay-mica, interlayer-deficient mica) group
Hydromicas have lower K than true micas that are replaced by water or oxonium.

Table T5.1.2.5. Composition of the members of the muscovite-illite
series

K O+Na D % H,0 or H()' mole
Muscovite (1deal) 11.8 -
Muscovite )
Iydromuscovite §-9 0.4-0.6
Mite 6 8 0.6 1.0

5.1.2.5.1. lllite K, [Al,Mg,Fe] Al, Si, O (OH),-H,0 or (K,H 0)AL(Si Al)O,(H,0,0H),

0.65

Thermal reaction of the mineral:

Between 100 and 200 °C: endothermic escape of adsorbed and interlayer water (see chapter of “Water in Minerals.
Dehydration: Adsorbed water: Interlayer waters bound by phyllosilicates”). The quantity of the water content is about 4%
(1 mole).

Stoichimetric factor of the reaction: about 25.

About 550 °C: endothermic: dehydroxylation

Stoichiometric factor of the reaction: 23.3.

83



1.0

2.0

3.0

4.0

5.0

I 6.0

T
200

Figure 5.1.2.5.1.

T
400

600 800

°C

1000

Thermogravimetric curves of illite containing sample

R
0.84%

1.9

3.8

r %

5.7

F7.6

9.5

0

T
200

T
400

T r : T
oc 600 800

1000

Figure 5.1.2.5.2. Thermogravimetric curves of a hydromuscovite con-
taining sample

At ca. 900 °C: endothermic-exothermic peak system:
destruction of the lattice and formation of spinel.

Sample: Bataapiti, borehohe Uh-22 182.6 m, Hungary,
fissure filling in granite

Sample mass: 84 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 2.05%

Mass loss during dehydroxylation: 2.25%

[llite content of the sample based on dehydration: 51%

[llite content of the sample based on dehydroxylation: 52%

Other thermally active mineral in the sample: calcite

5.1.2.5.2. Hydromuscovite (sericite)

In hydromuscovite the K content is intermediate
between that of muscovite and illite. The same regards to
the temperature of the dehydroxylation (about 620-650
°0).

Sample: Boda, borehohe Delta—8 117-117.5 m,
Hungary, permian siltstone

Sample mass: 222.7 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 0.84%

Mass loss during dehydroxylation: 3.44%

Illite content of the sample based on dehydroxylation:
79%

Other thermally active mineral in the sample: dolomite

5.1.2.5.3. Glauconite (K,Na)(Fe**,ALMg) (Si,Al),0 (OH),-H,0
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Figure 5.1.2.5.3. Thermogravimetric curves of a glauconite separate

The thermoanalytical data of glauconite are very similar to
illite. The differences between the composition of the octahe-
dral layers are compensated, because iron reduces, Mg increas-
es the dehydroxylation temperature. The dehydroxylation of
celadonite appears somewhere higher, than of glauconite.

Glauconite in most cases is interstratified with some
smectite. Glauconite in sensu stricto has less than 10%
expandable layer and it K O content is >7%.

Sample: Tihau, Romania, from miocene aleurolite

Sample mass: 119.5 mg

Heating rate: 10 °C/min

Mass loss during dehydration: 5.5%

Mass loss during dehydroxylation: 4.45%

Glauconite content of the sample: 100% with about
10-15% smectite interlayering

In the case of true trioctahedral illite dehydroxylation appears at much higher temperature, ca. 860 °C.

References for hydromica group: 26, 68: glauconite, celadonite, 115, 137, 222, 224, 262, 327, 328: glauconite, 423, 424,
425, 503, 510, 553: illite, glauconite, 563, 587, 598, 623, 628, 684, 694, 731, 764: glauconite, celadonite, 765: illite, glau-

conite, celadonite, 769: Fe-rich illite, 964, 968, 1066, 1076
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5.1.2.6. Chlorite group (2:1 layer with interlayer hydroxide sheet / or 2:1:1 / or 2:2 layer type)

Structure of the minerals in the chlorite group consist an octahedral hydroxide layer as an interlayer between the mica layers.
Numerous substitutions are possible also in tetrahedral as well as in the octahedral and in the interlayer. Both octahedral and
interlayer may be di- or trioctahedral. According to the AIPEA Nomenclature (GUGGENHEM et al. 2000) dioctahedral chlorite
is dioctahedral in both the 2: 1 layer and the interlayer hydroxide sheet. An example is donbassite. Trioctahedral chlorite is tri-
octahedral in both octahedral sheets. Recommended species names are clinochlore for Mg-dominant [end member =
(Mg AD(Si,A)O, (OH),], chamosite for Fe**-dominant [end member = (Fe *Al)(Si,A)O, (OH),], nimite for Ni-dominant [end
member = (Ni,A)(Si,A)O, (OH),], and pennantite for Mn**-dominant [end member = (Mn_*Al)(Si,A)O, (OH),]. A di-, trioc-
tahedral chlorite is dioctahedral in the 2: 1 layer but trioctahedral in the interlayer sheet. Cookeite and sudoite are examples, with
cookeite being Li-rich and sudoite Li-poor. The only known example of a structure with trioctahedral 2:1 layers but dioctahe-
dral interlayers is franklinfurnaceite, which is an intermediate between a chlorite and a brittle mica.

Variation in composition leads to variation in thermal processes. Correspondig to the two different layers having hydroxyl, the
dehydroxylation of these minerals takes places generally in two steps. The first step between 470 and 650 °C is related to the dehy-
droxylation of the interlayer hydroxide. The second step is due to the dehydroxylation of the mica layer. The number of hydroxyls
belonging to the hydroxide sheet is three times more than in the mica layer. Further characteristic reaction after the dehydroxylation

Table T5.1.2.6. Thermoanalytical data of the main 2:1:1 layer type phyllosilicates

Tayer type Species Dehydroxylation of the 2:1 lTayer | Phase transition
Al-chlorite (sudoile, cookeile) 500-530 -C =000 -C
I'e " chlorite (chamosite, thuringite®, delessite®) 520 380 °C
Fe-Mg-chlorite (Mg:Fe—1:1, aphrosiderite,”, pseudothiinngiie®) 720-730 °C =330 °C
3141 Mg l'e chlorite (ripidolite®, prochlorite®) 770 790 °C
- Cr-chlorite (Cr in tetrahedral cotsubeite®) =800 'C
Mg-Fe-chlorite (MgFe—3:2-5:1 pennine®) 810-835 °C 850-870 °C
Cr chlorite {Cr in octahedral kaemmererite™) =860 "C
Mi-Fe-chlorite (Mgz:Fe—15:1-30:1 clinochlore, leuchtenbergite™) 835-865 'C =880 "C

*discredited names.

is an exothermic peak that represents the chlorite recrystallizing into new minerals (olivine, spinel, enstatite etc.). The “a-value”
(=temperature interval between the second dehydroxylation and the following exothermic peak) has been introduced by SMYKATZ-
Kross (1974). The “a-value” correlates with the Mg content (the larger the MgO content is, the larger the a-value will be).

From the Table T5.1.2.6. it can be seen that the two dehydroxylation steps at the Al- and iron chlorite are overlapped.
Data in the table are characteristic for primary chlorites.
Stoichiometric factor based on the mass during the reactions depends
amat ] nIG on the substitution: 7.5 (Mg) — 10.5 (Fe) for end members.

[mg/min]

Sample (Figure 5.1.2.6a): Bilan, Romania

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during dehydroxylation: 8.9%

Chlorite content of the sample based on the mass loss: 68-92%
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Figure 5.1.2.6a. Typical thermoanalytic curves of primary
chlorite

Figure 5.1.2.6b. Typical thermoanalytic curves of sedimentary
chlorite
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Temperature of the dehydroxylation of sedimentary chlorites due to the large degree of structural disorder appears at
100-150 °C lower and less pronounced. The exothermic peak cannot be observed in the disordered chlorite.

Sample (Figure 5.1.2.6b): Fels6tarkany, Biikk Mts, Hungary
Sample mass: 1000 mg
Heating rate: 17 °C/min

PET
References for interstratified clay minerals: 37, 93, 115, 123, 124, 131, 148, 198, 266, 301, 391, 435, 447, 513, 578, 607,
613, 615, 642, 803, 871, 888, 896, 931, 935, 961, 965, 981, 1001, 1006, 1009, 1010, 1043, 1081, 1087, 1103, 1152, 1159
5.1.2.7. Interstratified or mixed-layer minerals

In these clay minerals two different types alternate in the same crystallite. Thermal analysis alone cannot be used for
estimating an interstatified structure. Thermal curves are sometimes similar to those of the mixture of components.

5.1.2.7.1. Regularly interstratified minerals
5.1.2.7.1.1. Rectorite

(1:1 interstratification of dioctahedral paragonite-smectite) (Na, Ca)Al (Si, Al),O, (OH),-2H,0
DTG Sample: Mdad, Kirdly Hill, Hungary
e 0 Sample mass: 1000 mg
Heating rate: 10 °C/min
VRIS
_104
m|%| 0
: DTG
dnvdt o]
| [mg/min]
s
) DTA
i ATPC)0
10
4 -10+
] TG 204
100 200 300 400 sbo 6o 700 0 9b0 1000
o m[%] 0
Figure 5.1.2.7.1.1. Thermoanalytic curves of K-rectorite (alle- 1
vardite)
2
34
n
5.1.2.7.1.2. Tosudite (1:1 interstratification *
of dioctahedral chlorite-smectite) ‘] .
71 3
Sample: Sukord, borehole St—1 92.98 m, Hungary 5
Sample mass: 1000 mg 100 200 300 400 500 600 700 860 960 1000
Heating rate: 10 °C/min “

Figure 5.1.2.7.1.2. Thermoanalytic curves of tosudite
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5.1.2.7.2 Randomly interstratified minerals
5.1.2.7.2.1. Tllite-montmorillonite

Sample (Figure 5.1.2.7.2.1): Fiizérradvany, Hungary
Sample mass: 900 mg
Heating rate: 10 °C/min

Literature related to the type of the I/S mixed layer from
Fiizerradvany is abundant (e.g. NEMECZ, VARIU 1970,
SRODON 1984, SZEGEDI 1988, VEBLEN et al. 1990, SRODON et
al. 1992). These investigations suggest a I/S mixed layer min-
eral with a composition of 10-27% smectite layers (XRD
results) respectively 21-32% (HRTEM or TEM results). The
mineral that was called “sarospatakite” or ‘‘sarospatite”,
recently became a popular standard material called
“Zempleni” illite.

DTG

dnv/dt
[mg/min]

+10

DTA

Area ] \//_\/\
\-10

m[%] 0

TG

4 T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
o

Figure 5.1.2.7.2.2. Thermoanalytic curves of interstratified chlo-
rite-vermiculite

5.1.2.7.2.2 Chlorite-vermiculite

Sample (Figure 5.1.2.7.2.2): Mecsek Mountains, Hungary
Sample mass: 1000 mg
Heating rate: 17 °C/min

5.1.2.7.2.3 Talc-saponite

Sample(Figure 5.1.2.7.2.3): Szabadbattyan, Hungary
Sample mass: 1000 mg
Heating rate: 10 °C/min
Other thermally active mineral in the sample: quartz

dm/dt

|mg/min|

o

ATPC] 0|

-104

20

m[%] ¢
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Figure 5.1.2.7.2.1. Thermoanalytic curves of interstratified

illite/montmorillonite
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Figure 5.1.2.7.2.3. Thermoanalytic curves of interstratified

talc-saponite
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References for pseudo-layer silicates: 13: talc-saponite, 56, 81: K-rich rectorite, 113: rectorite, 114, 115: sarospatite=illite
from Fuzérradvany, 116: chlorite-vermiculite, 138: rectorite = allevardite, 183, 185, 224, 290: biotite-chlorite, 435, 483, 571:
illite from Fiizérradvany, 577: rectorite, 585, 586, 666, 667, 786: sarospatakite, 787: allevardite, 866, 952, 962, 988, 1001:
chlorite-montmorillonite, 1020, 1021, 1042, 1053: illite from Fiizérradvany, 1065: kaolinite-smectite, 1100, 1103: saponite-
swelling chlorite, 1104: talc-saponite, 1105, 1106: illite from Fiizérradvany 1159: Nickel containing regularly interstratified
chlorite-saponite, 1163

5.1.2.8. Pseudo-layer silicates

Palygorskite and sepiolite are naturally occurring fibrous clay minerals. The discontinuous nature of the octahedral sheet
allows for the formation of channel-like nanopores that are filled completely by zeolitic water at room temperature.

5.1.2.8.1. Palygorskite (Mg,Al Fe),Si, O, (OH)-4H,0

The mineral belongs to clay minerals, but its structure is very different from that of other clay minerals: essentially
layer—like, it consists of duplicate pyroxene chains with alternating connections.

The water molecules in the palygorskite structure can be found in different positions (see Figure 45):

— connected to the terminal ion (mainly Mg) of the repeatedly broken octahedral-sheet (structural water, bound water,
coordination water),

— placed in the chanells in the structure (zeolitic or free water), exchangeable to different ions,

— sometimes bound to the external surface (adsorbed water).

Table T5.1.2.8.1. Dehydration temperature of water evaluated from palygorskite on the basis of published data

Reactions C Txplanation 1 ~ Water 1a monat I'!ﬁd' -~
L 3 3

180 (2) I'ree water (adsorbed

1 <210 (4) water and zeolitic 8.5 9.0 1.5 8.0 10
50-200 (5) waler)
280 (2)

2 210-350 (4) Bound water I 21 2.0 30 4.1 2-4
200 300 (5)
350-600 (2) often

: double peaks . - .

3-4 350 581{3} ) Bound water 11 6.4 6.0 8.5 5.2 6
400-600 (5)
about 800

3 380 800 (4) 20 2.0 21 2
800-900 (5) o

Total: 190 | 190 [ 190 | 194 20-22

After the temperature data and also in the column of the water content, the numbers refer to: (1) BRADLEY 1940, (2) MARTIN
VivaLpl, FENoLL HAcH-ALI 1970, (3) KuLsicki, GRiM 1959, (4) HavasHI et al. 1969, (5) IvaNova et al. 1974.

According to the theoretical calculations, the total

‘ 0 water found in palygorskite, with the water originated from
| 82t the OH-groups, is 19.6%. Higher values could be measured
L i \ \ : L3.0 because of the adsorbed water (Table T5.1.2.8.1).
_ 7|h 562 } | Sample: Bataapiti, borehole Uh—36 147.5 m, Hungary,
[ \ | | L7.9 fissure filling in granite.
| | | ” Sample mass: 147.5 mg
265 7h ‘ | Heating rate: 10 °C/min
3 <o | I e Mass loss during the first dehydration: 6.56%
| | Mass loss during the second dehydration: 3.48%
‘ I 1157 Mass loss during the third step: 5.71%
\ I Mass loss during the last dehydroxylation: 0.23%
139 |02 1o Palygorskite content of the sample based on the total
0 200 400 oc 600 800 1000 water content: about 85%
Figure 5.1.2.8.1. Thermogravimetric curves of a palygorskite-bearing Other thermally active minerals in the sample: calcite,

sample chlorite
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5.1.2.8.2. Sepiolite Mg Si O (OH) -6(H.,0)

Water in the structure of sepiolite is very similar to that in palygorskite. The first endothermic peak of sepiolite appears
at cca. 150 °C, representing the escape of free water, both from external surfaces and from within the channels. This is fol-
lowed by one or two smaller endothermic peaks at 350—450 °C and at about 600 °C representing the bound water. According
to KryoHiro, OTSUKA (1989), the two-step dehydration of bound water is caused by the following two factors: (1) the dif-
ference in the activation energy of dehydration between the water in the unfolded open channel and that in the folded one,
and (2) the change in the rate determining process from the water separation process to the water diffusion one.

A further endothermic peak appearing at 750 °C representing the escape of OH and the total destruction of the lattice,
this one is immediately followed, over 800 °C, by a sharp exothermal peak representing the heat released at the formation
of a new crystal phase (enstatite, cristobalite, olivine, spinel, cordierite). The theoretical water content is 19.5%. The meas-
ured data of different authors are presented in Table T5.1.2.8.2.

Table T5.1.2.8.2. Steps of the water escape from sepiolite based on published data

T - Water amount %

Fxplanation Theoretical 1 3 3 7 3 4 7 3

I'ree water dmoles—11.12% | 8.2 [ 109 [ 7.1 10,2 (101012 ] 67 11
| 2 moles—2.78% 5.4 54 | 6.8 31 2 3-5 42 33

Bound water |- e =5 T 26 | 22 | 4 11 | 23

1ydroxyl 2 moles=2.78% 34 2.7 23 31 ] k) 4.2 2.1

Tolal; 19.3% 190 [ 190 | 190 | 186 [ 19 | 16-20 | 19,3 | 18,7

Numbers refer to: (1) NAGY, BRADLEY 1955, (2) BRAUNER, PREISINGER 1956 (3) KULBICKI, GRIM 1959, (4) MARTIN
VivaLpi, CaNo Ruiz 1956, (5) FENoLL HACH-ALI 1970, (6) IvaNova et al. 1974, (7) KALMAR et al. 1997, (8) FROST,
DING 2003.

Sample: Miégureni Hill, Preluca Mts, Romania

Sample mass: 103.5 mg

Heating rate: 10 °C/min

Sepiolite content of the sample based on the total water
content: about 100%

References: 8, 88, 112, 115, 120, 149, 265, 307, 355, 411,
449, 487, 513, 530, 545, 573, 614, 629, 631, 632, 634, 694,
719, 720, 742, 767, 773, 774, 898, 920, 930, 981, 983, 993,
994, 1181,

T T 19.9
0 200 400 oc 600 800 1000

Figure 5.1.2.8.2. Thermoanalytic curves of sepiolite

5.1.2.9. Phyllosilicate two-dimensional infinite sheets with other than six-membered rings

5.1.2.9.1. Apophyllite
KCa (Si,0,),(F;,OH)-8(H,0)

Reaction of the mineral:

1. Between 300 and 350 °C: endothermic: loss of 4 mol-
ecules water.

Stoichiometric factor of the reaction: about 12.6.

2. Between 400 and 450 °C: endothermic: loss of 4 mol-
ecules water (and structural OH).

Stoichiometric factor of the reaction: about 11.2.

Dehydration reactions depend on the fluorine content.
The product is a non-diffracting amorphous phase. — =

o
6.7% Lio

r7.9

oo

F11.9
4.19%

Sample: Recsk, Hungary

Sample mass: 500 mg

Heating rate: 10 °C/min

Mass loss during the first reactiom: 7.8%

T T T T 19.9
0 200 400 oc 600 800 1000

Figure 5.1.2.9.1. Thermoanalytic curves of apophyllite
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Mass loss during the second reaction first reactiom: 8.9%
Apophyllite content of the sample based on the first reaction: 98%

5.1.2.9.2 Prehnite Ca ALSi,O,(OH),

Reactions of the mineral:

1. Between 730 and 870 °C: double endothermic: dehydroxyla-
tion.

Stoichiometric factor of the reaction: about 23.

2. Between 900 and 1000 °C: exothermic: crystallisation of new
phases (anortite, wollastonite, cristobalite), and in the case of iron
substitution Fe O,

DTG

dm/dt 0
[mg/min]

+10+

AT[C] 0q ”
Sample: Szarvasks, Hungary

Sample mass: 1000 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation: 3.7%

Prehnite content of the sample based on the reaction: 85%
Other thermally active minerals in the sample: quartz

104

-204

m[%] 0

T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
°C

Figure 5.1.2.9.2. Thermoanalytic curves of prehnite

5.1.2.9.3 Tobermorite Ca(OH),Si O -4H,0

This calcium silicate hydrate occurs in both nature and hydration products of Portland cements. Possible natural occur-
rences are the hydrothermal alteration products of calcium carbonate rocks, due to contact metamorphism and metasoma-
tism or in filling vesicles and cavities in basaltic rocks. The freshly precipitated tobermorite is X-ray amorhous. The crys-
talline variety is a layer-structure silicate with a basal spacing 11.3 A. Its structure is transitional between phyllosilicates and
inosilicates. The water bound is zeolitic-like.

Reaction of the mineral:

1. 250-300 °C: endothermic: loss of water (the reaction
continues over a wide temperature range)

Stoichiometric factor of the reaction: 8.1.

2. 800-850 °C: sharp exothermic peak representing the
recrystallization of an amorphous dehydrated material into
wollastonite. The character of the exothermic peak depends
on the crystallinity of the tobermorite. It is weak or absent in
natural samples.

L7.5
Sample: Praga Hill, Bazsi, Hungary, in cavities of basalt )
Sample mass: 23.0 mg
Heating rate: 10 °C/min
Mass loss during the endothermic reaction: 10.83%
Tobermorite content of the sample based on the mass

loss: =88%

Other thermally active minerals in the sample: fibrofer- 200 W00 o 600 800 1000
rite, pyrite Figure 5.1.2.9.3. Thermoanalytic curves of tobermorite

F11.3
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References for phyllosilicate two-dimensional infinite sheets: 288: apophyllite, prehnite, 405, 513: apophyllite, prehnite,
pumpellyte, 706, 734: riversideite, tobermorite, plombierite, 753: natroapophyllite, 785, 866: prehnite, 890: prehnite, 1015:

apophyllite, 1081: prehnite, 1168: fluorapophyllite,

5.2. Nesosilicates

The structure of silicates is generally stable and they have reactions only above 1000 °C. The most important reaction
below 1000 °C is dehydroxylation and in the some cases dehydration (Table T5.2).

Table T5.2. Dehydroxylation temperature of some mesosilicates

Mineral Tormula Dehydroxylation
Lopaz Al (OILL),Si0, =950 “C
Zoizite, epidate | Ca Al (0-OH-5i0,:51,0_and Ca (Al,Fe)Al(0-0H-5i0,51.0)) =1000 "C
Zunyite Al [AIO,(OILL),, (CISLO )] 750-850 "C
Vesuvianite Ca, (Mg, L'e) ALT(OILL) ) (8i0,).) (81,0.).] 900 “C

5.2.1. Topaz A1 SiO (F,OH),

Reaction of the mineral above 950 °C: endothermic:
escape of OH and F

Products of dehydroxylation are mullite [(ALO,),,
(5i0,),] and silica.

Stoichiometric factor of the reaction: 10-6.5 (increasing F
content results in decreasing stoichiometric factor).

Sample: Pdzménd, borehole Pd-2 145.3-146.9 m,
Hungary

Sample mass: 1000 mg

Heating rate: 17 °C/min

Other thermally active minerals in the sample: pyrite,
kaolinite

5.2.2 Epidote
Ca (Fe +ADAL(SiO)(Si,0,)O(OH)

Reaction of the mineral between 900 and 1000 °C:
endothermic dehydroxylation. The temperature of dehydrox-
ylation depends on their iron content.

Stoichiometric factor of the mineral based on the mass
loss during dehydroxylation with increasing Fe substitution:
changes from 54 to 50.

Sample: Bataapéti, borehole Uh—22 406.3 m, Hungary,
fissure filling in granite

Sample mass: 163.2 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation: >1.15%

Epidote content of the sample based on dehydroxylation: >58%

Other thermally active mineral in the sample: chlorite

DTG

danvat g |
immin m

+201

+10
‘ DTA
AT[°C] 0+

l

-10
m[%] 0

14

2
3
4

T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
°C

Figure 5.2.1. Thermoanalytic curves of a topaz-bearing
sample

0.4

r0.7

r %

r1.1

965

T T T T T T T T T ~1.8
0 200 400 oC 600 800 1000
Figure 5.2.2. Thermogravimetric curves of an epidote-bearing sample

91



dm/de
0
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|

ATIPC 0
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-10

DTG

m[%] 0

Figure 5.2.3. Thermoanalytic curves of a vesuvianite-bearing sample
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Figure 5.2.4. Thermoanalytic curves of a zunyite-bearing sample
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5.2.3. Vesuvianite
Ca (Mg,Fe) Al (SiO,)(Si,0.),(OH,F),

Reaction of the mineral above 900 °C: endothermic:
escape of OH and F.

Stoichimetric factor of the mineral changes depending on
composition: between 18 and 41.

Sample: Szabadbattyan, Hungary

Sample mass: 1000 mg

Heating rate: 0.8%

Other thermally active minerals in the sample: montmo-
rillonite, calcite

5.2.4 Zunyite Al _Si O, (OH,F)_Cl

Reaction of the mineral between 700 and 900 °C
endothermic: escape of OH, F and Cl.

Stoichimetric factor of the mineral changes depending on
the OH:F proportion: 3.15-5.84.

Based on the chemical analysis, the OH:F:Cl ratio in this
sample is 10:8:1 (KonTA, MRAZ 1961). Dillnite is a variation
of zunyite with higher fluorine content.

Sample: Banska Bela, Czech Republic

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during the reaction: 20.2%

Zunyite content of the sample based on the reaction: 85%
Other thermally active mineral in the sample: pyrite



5.2.5 Katoite Ca,Al(SiO,),-Ca, AL(OH) ,

OH-bearing garnet is the hydrogrossular [hibschite:
(Ca,Al(Si0,), (OH), x=0-3] where OH-groups substitute
(Si0,)-tetrahedra. The OH content of grossular crystals can
be as high as to 13% (ROSSMAN, AINES 1991).

A Si-free hydrogarnet, the tricalcium aluminate hexahy-
drate (the end-member of katoite [Ca,AL(SiO,),-
Ca,Al(OH),, ] series) also has the name hydrogrossular, as a
cement material that is not a silica mineral in sensu stricto.

Sample: Cement-milk

Sample mass: 118.6 mg

Heating rate: 10 °C/min

Mass loss during the reaction: 17.0%

A water bearing mineral from this group represents
bakerite. The dehydroxylation of this mineral takes place at
a lower temperature (around 590 °C) than in the case of
minerals without water content in this group.

sheksk

T T T T
200 400 o 600 800

Figure 5.2.5. Thermogravimetric curves of katoite

223
1000

References for nesosilicates: 2, 75: bakerite, 159: strontian piemontite, 441: topaz, 452: chromian hydrogrossular, 502:
epidote, 513: vesuvianite, epidote, zoizite, hydrogrossular, 521: allanite and gadolinite, 553: allanite, braunite, 597: zunyite,
599: zunyite, 865: vesuvianite, 866: epidote, vesuvianite, 916: grossular-hydrogrossular, 1081: epidote, zoizite, 1184: vesu-

vianite

5.3. Sorosilicates (and cyclosilicates)
5.3.1. Hemimorphite Zn ((Si,0,(OH),-H,0)

Reactions of the mineral:

1. At about 390-660 °C: endothermic: continuously dehydration

Stoichiometric factor of the reaction: 26.8.
2. 660-740 °C: endothermic: dehydroxylation
Stoichiometric factor of the reaction: 26.8.

3. 850-970 °C: exothermic: forming of willemite ($-Zn,SiO,)

5.3.2. Axinite
Caz(FeZ‘f, Mg, Mn)ALBO, Si,O,,(OH)

Reaction of the mineral at ca. 900 °C: endothermic:
dehydroxylation

Stoichiometric factor of the reaction: about 63.

Decomposition products are anorthite, rankinite and a
small amount of other, partly amorphous phases.

Sample: Lillafiired, Hungary

Sample mass: 101.4 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation: 0.8%

Axinite content of the sample based on the reaction:
=50%

0.8%

+-0.2

--0.3

r %

--0.5

- -0.6

. . : : . . ‘
200 400 L. 600 800

Figure 5.3.2. Thermogravimetric curves of ferroaxinite
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5.3.3. Tourmaline
(Na,K,Ca)(Mg,Fe2+,Al)3(Al,Fe3+) Si0,(BO,).(0,0H,F),

G Reaction of the mineral at about 950 °C: dehydroxylation and
it | escape of F and B,O, and at the same time melting.
fme/min] W—’\r‘_w Stoichiometric factor of the reaction: 6.4—6.8.
Sample (Figure 5.3.3): Nadap, borehole Nt-2 12.3 m, Hungary
Sample mass: 1000 mg
DA Heating rate: 17 °C/min

ATIPCI 0
\ Mass loss during the reaction: 1.85%
o | Tourmaline content of the sample based on the reaction: about 12%
| Other thermally active minerals in the sample: goethite and unde-
termined
m[%] 0 |
"
2
5
4 F—
T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
°C
Figure 5.3.3. Thermoanalytical curves of a tourmaline
(dravite)-bearing sample
sksksk

References for sorosilicates: 157: tourmaline, 177: chrysocolla, 190: hemimorphite, 299: hemimorphite, 341: tourmaline,
396: cordierite, 513: chrysocolla, dioptase, axinite, tourmaline, 553: tourmaline, hemimorphite, chysocolla, 639: tourma-
line, 924, 981: tourmaline, 1006: tourmaline, chrysocolla, 1015: cordierite, 1049: ferro-axinite, 1071: hemimorphite, 1081:
dioptase, 1111: axinite

5.4. Inosilicates

5.4.1 Amphiboles
(Ca,Na,K), [(Mg,Fe,Mn,ALTi)__(Si,Al),0O,,(0,0H,F),]

An endothermic peak represents dehydroxylation at higher than 850 °C, at the same time transformation to meta-phase
or depending on the composition to other phases (e.g. pyroxene, cristobalite, plagioclase, hematite etc.). The temperature at
which dehydroxylation occurs is largely dependent on the type of the cation that occupies the M, and M, sites. The dehy-
droxylation temperature of amphiboles increases with increasing content of magnesium (>980 °C). In oxidizing atmosphere
the iron-bearing amphiboles give an exothermic peak between 400 and 800 °C representing the oxidation of Fe*.

5.4.2 Charoite K Ca (Si,0,),(Si,0,)Si,0,(OH,F)-3(H,0)

/ 0 Reactions of the mineral:
1. Dehydration: peak maximum at 323 °C.
L0 2. Dehydroxylation.

Sample: Russia
L20 Sample mass: 200 mg

Heating rate: 10 °C/min

Mass loss during the reactions: 5.1%

Charoite content of the sample based on the total mass
loss: 100%

4.54%

r3.0

323

| r %

F4.1

T T T T T T .1
0 200 400 600 800 1000
°C

Figure 5.4.2. Thermogravimetric curves of charoite
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References for inosilicates: 7 rhodonite, 351, 405, 488: crocidolite, 489: amosite, 502: hornblende, 553 glaucophane,
hillebrandite, 610: tremolite, nephrite, actinolite, pargasite, arfvedsonite, 694: crocidolite, 866: actinolite, 875: ferrian sodi-
um-amphibole, 981: hornblende, 1015: hornblende, charoite, 1081: amphibole, pectolite, 1166: amphibole, 1167: tremolite,
richterite, glaucophane, antophyllite

5.5. Tectosilicates

5.5.1. Zeolites

The main thermoanalytical reactions of the zeolites are dehydration and phase transitions. Water in the zeolite struc-
ture may be “zeolitic water” in the channels of the structure and structurally bound water. Water molecules have
water—water, water—framework and water—extra-framework cations interactions. The zeolitic water according to the clas-
sic sense, means that water moves free in the structure, without any well defined position or cation. Its distribution is ran-
dom. One of its types is water around the cations, in coordination with it, water forms a hydrate shell around it. The escape
of weakly bouded water is at low temperature, gradually, generally as a broad reaction. Crystalline water occurring in a
definite position and bounded to the structure by hydrogen bridge escapes by one or several well definiated, sharp reac-
tions at higher temperatures. The nature of the internal space depends on the system of the interconnecting channels (see
chapter “Zeolitic water”).

The thermal data for certain zeolites are not always the same in the literature (see later Tables T5.5.1.1.1-T5.5.1.6.4).

5.5.1.1. Zeolites with chains of 4-membered rings, ALSi,O
Water in the zeolites of this group is found in 3-dimensional large channels

5.5.1.11. Natrolite Na,[ALSi 0 ] 2H,0

Crosslinked two-dimensional chains. Al and Si atoms are ordered. Location of H O molecules in channels coordinated
to oxygen in framework and sodium ions. Free apertures: 2.6x3.9 and 2.5x4.1 A

Data of the reaction of the mineral based on different publications are summarized in Table T5.5.1.1.1. Major differences
between the temperatures of dehydration can be explained by the possible disorder structure and by Ca and K substitutions
in channels (tetranatrolite).

Table T5.5.1.1.1. Thermoanalytical data of natrolite

Temperatre of dehydration (°C) Temperatore and products of transtormations
References =
200-300 300-400 400-300 (B8]
Korzuwa (1933) 210 405
Prmi: (1955) 435 Shd melsmairolite 910 940 smorphous 1010 nepheline
Prost (1962) 300-350 400 3635 melunatrolile 911 1010 nephieline
Plosi-Dondnn (19635) 450 metanateolite 560 carncgicitc ! 680 nepheline
nephieling | Sil),
DPanes et al. (1967) 400-425
PECsr DoNATH (1968) 1000 albitc+nepheling
Bariasvin (1972) 440-450 YOU- 1000 amorphous TO00=-T100 nepheline
Riruwik (1972) 350 at 785 amorphous 900 carnegicile 970 “;’F’hc_]“._].“'
amorphous Si0),
Brick (1973) 350 563 new structure T8 amorphous 970-1010 nepheline
SMYEATZ K1oss (1974) 350-370
. 1 . TO00- 1100 nepheling
el al. (1974 300-42 RLLI mg : ; ] .
Ivariva el al, (1974) 300-420 00 600 metanatrolile 00 1000 amorphous and quart? (%)
Jiwvimes, SHAOYING { 1984) 388 540
Gurrare, Gaew (1983) 330 285 metanatrolie 310 Imetanatrolite 773 amorphous
55 5 £ . nas 50-102 cline,
ULLricn et al. (1987) 255 380 425-480 | 400-540 metanatrolite 785 amorphous 950 i‘?r‘nﬂt_g[:gﬁlfdm
T 0
Puanke, Arie (1997) 360 970-980
German natrolite
Puavke, Avie (1997) 405-410,
Todi trolite 300-3100 | 455-460,
ndian natroli 3 :1'.'“ S60-570 980-993
Mass loss % 6.8%+1%

Mean peaks in bold.
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Figure 5.5.1.1.1. Thermogravimetric curves of natrolite
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The dehydration of natrolite takes place in one sharp well-
defined step at 350-450 °C: dehydration of crystalline water.
Na,Al1,Si, O, -2H,0 = Na ALSi,O +2H,0
metanatrolite
Stoichiometric factor of the reaction: 10.5.
In dehydrated zeolites o-metanatrolite S B-metanatrolite
transformation.
Heating of fibrous zeolites above 500-700 °C causes their
amorphization.

Sample: Praga Hill, Bazsi, Hungary

Sample mass: 90.1 mg

Heating rate: 10 °C/min

Mass loss during the reactions: 9.53%

Natrolite content of the sample based on the total mass
loss: =100%

5.5.1.1.2. Gonnardite (tetranatrolite) (Na,Ca), [(ALSi), 0, ]-12H,0

The structure is similar to that of natrolite, but with Si, Al disordered. Location of H,O molecules: 1/3 of the water is
zeolitic, 2/3 is probably bound to cation in channels. Water content is between 14—16%.
Reactions of the mineral based on publications are summarized in Table T5.5.1.1.2.

Table T5.5.1.1.2. Thermoanalytical data of gonnardite
i Temperature of dehydration (°C) i ) )
References — lemperamre and products of transformations ()
0-100 100-200 | 200-300 | 300-400 400-500 S00-800
. e < 250 350 < .
Doxamin, S (1966) 140 250 380 . ) 950 nepheline
amorphous
75 220 420, 450
RTTIWIK (1972) 15 15 25 moles 05 | remaining | 300 | 80 900 plaginetas
moles moles mole water metaphase “‘_' Pw Y nepheline
slruclure
Ivanova el al (1974) 200 300 | 320 450 500 600 1000 ymorphous
. . above 300
(g 50 130 200 | 330 420 lattice
- distroyed

5.5.1.1.3. Mesolite Na,Ca,[AlSi O, ]-8H,0

Channel system and free apertures are the same as in the case of natrolite. Free apertures: 2.6x3.9 A
Reactions of the mineral based on publications are summarized in Table T5.5.1.1.3.

Table T5.5.1.1.3. Thermoanalytical data of mesolite

Temperature of dehydration {°C)

Referenees 300 300 300 300 300 500 300 600 700 800 Temperature and products ol ranslormalions (~C)
266 (300 418
Koz (1953) (O
2.5 moles
310-(325) N 490 struclursl .
Pine (1955) douhle 40 hreakdown 1040 plaggioclas
212 moles 4 moles
PECst (1962) 300 410 440
PECSE DORATH (1968) TR0 bylownile
) ) 3 |1I—3ﬁ[] 440)-450 530 560 amorphous 110 Jabradorile
Banasving (1972) douhle
4 moles 2 moles 2 moles
255,275 | 380-410 $40 collpsc of | 910 | 70 P
REEUWLK (1972) double double the strueture plagioclas d"mr'ph“m i)
4 moles =25 moles TemaIning waler




Table T5.5.1.1.3. Continuation

. Temperatyre of dehydrytion (°C)
References ST0300 0300 FTITTEAI SU0-600 TR0 Termperature and products ol ranslormations (©C)
. 440-490

L]
Brick (1973) td_‘t)l \ 380 struclure rf'dm 1040

U decomposing par

, 200-380 380-500 600-630 1000 1020 ncpheline 1100
Tvanova et al. (1974) amorphous melting plagioclas
4 moles remaining water

GOTTARD, (Al 11 . ]
(19%5) 320 amorphous
POADKE, APTE (1997) 240 260 270 325 420 470 | 480 515

5.5.1.1.4. Thomsonite NaCa,[Al Si O, ] 6H,O

Chains occur as natrolite structure type but they are crosslinked in a different way. Location of H,O molecules is in
zigzag chains in the channels. Free apertures: 2.6x3.9 A. Theoretical water content: 13.4%.

Table T5.5.1.1.4. Thermoanalytical data of thomsonite
lemperature of dehydration {"C')
Relvrenees - — - - Temperatur: and produts of transfrmations (C)
[UET TiH1 24030h LTI Sk 4iH0 4iW1 Siiik S0 B0 Bl TN
Korzumr (1933) 73 358 428 323
. - 420 430, R 360
H ) 52 il
PEest (1962) 100 350 360 160 520 320 350 metathomsonite 930 960
250 420,460 | 510, 560 460 amorphous | 11V anorthile
+ nepheline
PRSI (1968) 2 moles
3 maoles (crystal I mole
water)
BATIASVILI 120-300 310-470 4T0-520 350 700 amorphous 950 anorthile
(1972) 1.5 moles 2 moles 0,5 mole 2 moles
: c c 900
325-350 350-440 520 collapse of :
¥ E
Reruwi 200 double metaphases the strueture plagioclas 1
(1972) nepheling
3 moles 3 moles remaining water
j - e . . 320) structure
) 325 40), 4 52
Rreck (1973) 175 320 400, 440 310 collapse
SMvkaTz KLoss 218 17 415 449 gnd < .
(1974) 208 in 477 544 HE9
- i TO00 amorthile
IVANDVA ot al, 180 270 30 400 5000 600 GO0 amorphis + nepheline
(1974) -
2 moles 2 males TEMATING witler
400 1000 wotal
DiN&TH (1974) 340 420, 440 S6l . . collapse ol Lhe
microcryslalling Latrice
980-1000
Lnikicn et al TS 410-420. P I
(1987) 230-263 440-460 | 20360 feldspar
nepheling
3 323-332, \ A
T-184 5(3-52
Yamarakn el al 167-184 371-395 (410) 303-521
3 -
(1993) about 1/3 '.ﬂ""'u, defydroxyl
) 1/3+1/3 : o
ol waler I aliom
ol waler

0
Reactions of the mineral based on publications are sum-
marized in Table T5.5.1.1.4.
According to GOTTARDI, GALLI (1985), the last broad peak 7
between 500 and 700 °C could be explained by the loss of
hydroxyls formed by the reaction of the framework with Lss
water at lower temperature. connardite ? "
Sample: Praga Hill, Bazsi, Hungary 80
Sample mass: 134.7 mg
Heating rate: 10 °C/min
10.6
Figure 5.5.1.1.4. Thermoanalytic curves of a thomsonite-bearing sample . ‘ . : 153
with gonnardite? impurities 0 200 400 oc 600 800 1000
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Table T5.5.1.1.5. Thermoanalytical

5.5.1.1.5. Scolecite Ca[ALSi O, ]-3H,0

The structure is similar to that of natrolite, with a well-ordered Si, Al framework, Ca instead of Na, and an extra mole-
cule of H,0. Free apertures: 2.6x3.9 A. Location of H,0O molecules: (1) occupy a vacant cation position, (2) are the same
as in natrolite. Hydrogen bonding is between the water molecules and the network, and also with the extra-framework
cation. Theoretical water content is 13.78%.

Reactions of the mineral based on publications are summarized in Table T5.5.1.1.5.

data of scolecite

References lemperature of dehydrution ('C) Temperature and products of transformalions
100 200 200 300 300 400 400 300 00 600 GO 700 700 800 R00 900 (0
- 215,275 460, 330
; 953 iy
KMZUMI (1933} double doble
. 525 560 -
20 0
NI 170 310 470, 500 metu_;ﬁle*ite structural :Lm;;.JI:lnus
P'ENG (1955) " disintegration phaus
1 muole 2 maoles
PrLest (1962) 290 30 460, 490 540
. - . A50-5710, .. 350 " .
Piast { 1966) M0-320 470 10-560 fiEH) 40 amorphous 1000 anaribile
Pamis el al. - " "
5 [
(1967 2R St Sl
EX |
140 400 400 545 570 A i 1
H_\_‘q"‘n] HUT]] flll‘l}l\r:llll.'cll\'! rJIfIUI"IIIIIII'\' f]|||||'|||'||l‘
I e 1 maole 1 maole
- 4910 structure 910
X 73 2725 [} .
BRECK (1973) T 410 decompose teldspar
SMyKaTZ KLOSS - = - -
1 5
(1974) 268 403 30 643
. ¥ 420
GOITARDL, GALLI 240 420 amorphous
(1985)
| mole 2 moles
ULrgien el al. . 430460, - 60 struelural 1000 amorihile
250-35 ? §40-5
(1987} 230-350 480-500 10-380 collapse and glass
Puankr, Arn S 4015, 440- e
- 30-300 . F5-580
(1997) o-i ps o0 | S

Mean peaks in bold.

Three types of water are in the structure. Theoretical water content is 14.2%.

5.5.1.1.6. Edingtonite Ba[ALSi O, ]-4H,0

The structure is similar to that of natrolite, but with a distinctive crosslinking of the chains. Free apertures: 3.5%3.9 A

Reactions of the mineral based on publications are summarized in Table T5.5.1.1.6.

Table T5.5.1.1.6. Thermoanalytical data of edingtonite

- Termperature ol dehydration () Temperature amd products of
' w0200 | 200300 | 300 400 400300 wransformations (C)
N . N . 5300 decompose of
52 [} . R
Prost (1962) 190 360 480 lattice h80?
500 celsian +
Rreuwug (1972) 160 27 450 uiidentificd phas
Table T5.5.1.2.1. Thermoanalytical data of analcime
Tomperae oT demdraon () 5.5.1.2. Zeolites with chains of single connected 4-
leferences a0 | 300400 | 400300 membered rings
Koz (1953) 300 390 ) ) ) ) )
PANES et al. (1967) 440 In this group H O is accommodated in non-intersecting chan-
RRECK (1973) 200 40 nels.
Tvanova ot al. (1974) 430 . .
ST T 1955 = 5.5.1.2.1. Analcime Na[AlSi,O ]-H,O
. One-dimensional channel system. Kinetic diameter: 2.6 A
(FiamPanin, LoMearnt (1994) K R R .
H-type (hydrothermal) ) 350-370 Reactions of the mineral based on publications are summa-
X type( from leneite) | 235 320 rized in Table T5.5.1.2.1.
Kua, Kiratiack (1998) Reaction of the mineral at 250-400 °C: endothermic: dehy-
' hydrothermal 390 dration, as a one step process.
diagenelic 330
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Stoichiometric factor of the reaction: 12.2.



Sample: Csédi Hill, Dunabogdany, Hungary

Sample mass: 79.1 mg

Heating rate: 10 °C/min

Mass loss during the reaction: 8.18%

Analcime content of the sample based on the reaction:
100%

Regarding the genetic condition, analcimes divided into
five groups (primary igneous P-type, by cation exchanged
from leucite X-type, hydrothermal H-type, sedimentary S-
type and metamorphic M-type. H-type and X-type anal-
cimes have very similar XRD patterns but different thermal
behaviours. Dehydration of the H-type analcime takes place
between 350 and 370 °C, whereas the X-type yields a wide
peak between 235 and 320 °C (GIAMPAOLO, LOMBARDI
1994).

3.2

4.8

6.4

- 8.0

L]

T ;
800 1000

Figure 5.5.1.2.1. Thermogravimetric curves of analcime

5.5.1.2.2 Laumontite Ca[ALSi 0, ]-4-4.5H,0 (fully hydrated laumontite)

,»Leonhardite” a partially dehydrated laumontite, with 3-3.5 moles of H,O, is formed reversibly by the dehydration of
laumontite near room temperature in air. Equilibrium between laumontite and leonhardite occurs at 70 to 80% relative
humidity. NEUHOFF, BIRD (2001) suggests that laumonite forms as ‘leonhardite’ during metamorphism and diagenesis.

Water in laumontite is largely crystal-water.

The mineral has one-dimensional channel system. Free apertures: 4.6x6.3 A

Reactions of the mineral based on publications are summarized in Table T5.5.1.2.2.
Theoretic water content: 15.3%. Stoichiometric factor of the reaction based on water content: 5.9—-7.3.

Table T5.5.1.2.2. Thermoanalytical data of laumontite

Relerences
(=110 100=-200 | 200-300 | 300-400

400-300

Temperature of dehydration (°C)

S00-6H

bl-=700

BOO-900

Temperature and products of
transformations ()

SAKLRAL HavasK #5125

(1932) dowble | 27" 4
Ko (1953) | 67 431, 467
Prosi (1962) 140 270 460, 490 oligoclis
. 170 310 490 00 910 anortite | quarlz
HatiasviLl (1972) 213 moles 43 moles | 2 moles '}[HJUII;'S
?]::;?h;l';u-}(l.c‘.-.‘is 2135 357 493 357 8707
Gorrannl, Garn 10 240 400
(19%5) 1 mole 33 moles 5/3 moles
ULLRICT et al. (1988b) 80 140 | 270 350 o s 850 980 plass, feldspar

Reaction of the mineral: stepwise dehydration:

1. Between 100 and 200 °C: endothermic: (H-bonded, not bonded to the Ca cations)
Ca,[ALSi O, ]-16H,0 = Ca,[ALSi O,]-14H,0 + 2H,0

16 ~ 48 16 ~ 48

2. Between 250 and 300 °C: endothermic:

Ca[ALSi O, ]-14H,0 = Ca[ALSi O, ]-10HO + 4H,0

16 48 16~ 48

3. Between 430 and 480 °C: endothermic:
Ca [ALSi O, ] 10H,0 = Ca,[ALSi O,]-4H,0 + 6H,0

4, Betweellz 54850 and 600 °C: endoth]ebrr;:ic:

Ca [ALSi O, ]-4H,0 = Ca[ALSi O,]2H,0 + 2H,0
5. Between 700 and 750 °C: endothermic:

Ca,[ALSi O,]-2H,0 = Ca[ALSi O, ]+ 2H,0

16 48 16 ~ 48

6. 900-1000 °C: exothermic: transformation to new phase.
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Figure 5.5.1.2.2. Thermoanalytical curves of laumontite (leonhardite?)

DTG

dnvdt 0
e Sample: Képolndsnyék, borehole Kny-2 736.1-736.7 m,

Hungary
Sample mass: 1000 mg
Heating rate: 17 °C/min
Mass loss during the reactions: 9.8%

A1ra 0 Laumontite content of the sample based on the reactions: 72%

-20

m[%] 0

T T T T T T T T T T
100 200 300 400 300 600 700 800 900 1000
oC

5.5.1.3. Zeolites with chains of double-connected 4-membered rings

5.5.1.3.1. Gismondine Ca[ALSi, O ]4.44.5H,0

The H,O molecules are connected to the Ca in the intersecting three-dimensional channel system with 3.1x4.4 and
2.8x4.9A free apertures. This mineral contains zeolitic water mainly. H O content varies between 22 and 22.55%.
Reactions of the mineral based on publications are summarized in Table T5.5.1.3.1.

Table T5.5.1.3.1. Thermoanalytical data of gismondine

References Temperature of dehydration ("C) Temperature and products
0 100 100 200 | 200 300 | 300 400 | 800 900 of transformations (*C)
Prest (1962) 170 240, 290 340 820 7
PECST (1968) 1000 anorthite
073 o y
7388 | 115208 | 208 290 Afer 5 Infermedite
l{I[LWUK 88—115 p ases 300 anorthile
(1971) <0.5. s
.75, 0.5 - oy =0.5 mole
moles moies
. 140, 160, Metastable phases, 375
Brick (1973) 190 270 feldspar
SMYKATZ- N 5
Kioss (1974) 201 326

5.5.1.3.2 Phillipsite (K,Na,Ca) [(Si,Al) O, ]-12H,0

The H,O molecules are connected to the cations in the three-dimensional intersecting channels with 4.2x4.4, 2.8x4.8
and 3.3 A free apertures.

Reactions of the mineral based on publications are summarized in Table T5.5.1.3.2.
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Table T5.5.1.3.2. Thermoanalytical data of phillipsite

Temperature of dehydration ("C) Temperatare and products of
Relerences ansformations (*(
0100 | 100200 | 200 300 | 300 400 transformations ("C)

. 245 as e
Hoss, Rov (1960) metaphillipsite 345 leldspar
Koizumi (1960) 260 wairakiite
DONATH, SIMO 250 360 ) -
(1966) double 1000 anorthiie
Prcsi (1968) 1000 nepheline

3 o W
BRECK (1973) 100 200 300 lﬁQ L{I}U new
slruciure
GOTTARDT, GALLT 0 120, 1440, | (250, 280 320 S
(1985) 180 | shoulders) 400 destroyed

The stepwise dehydration of the mineral based on own
measurement:

1. Between 200 and 300 °C: endothermic (with an inflex-
ion on the low temperature side): loss of about 8 moles of
zeolitic and crystalline water.

2. Between 300 and 400 °C: endothermic double peak:
loss of about 4 moles of crystalline water.

Theoretical water content of the mineral is about 16.5%.

r2.9

5.8

88

Sample: Praga Hill, Bazsi, Hungary

Sample mass: 105.3 mg

Heating rate: 10 °C/min

Mass loss during the reactions: 14.62%

Phillipsite content of the sample based on water content: ‘ 200 W o e W o
=89%
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Figure 5.5.1.3.2. Thermogravimetric curves of phillipsite

5.5.1.3.3. Harmotome Ba(Ca, Na)[ALSi O, ]-12H,0

Channel system is three-dimensional with the same free apertures as phillipsite. The water is partly zeolitic type.
Location of H,O molecules is coordinated to the Ba ion. Dehydration is stepwise. Theoretical water content is 14.5-15.5%.
Reactions of the mineral based on publications are summarized in Table T5.5.1.3.3.

Table T5.5.1.3.3. Thermoanalytical data of harmotome

Temperature of dehydration (*C) ) ) ) .
Relerences Temperature and products of transformations (“C)
100-200 200-3000 | 300-400
PECST (1962) - .‘>61;}_U_d01‘1hle st‘rucltlure p
dezomposition and ranslformalion
. 1 250 new S -
Breck (1973) 700190 700 eelsian [ormation
stucture
Ivanova et al. (1974) 200 350 750
Gomrrarnn, Gann (1985) 120 230 320 750 new phase

5.5.1.4. Zeolites with chains of 5-membered rings
5.5.1.4.1 Mordenite (Na,Ca,K) [AlSi O ] -28H,0

Two-dimensional channel system with 6.7x7.0 and 2.9x5.7A free apertures.

Contains zeolitic water mainly in classic sense. Water content: between 12—14.5%

Reactions of the mineral based on publications are summarized in Table T5.5.1.4.1.

The dehydration occurs in one broad step up to 700 °C with the peak maximum at about 150 °C and another little peak
at about 550 °C. In some cases the interpretation of the latter corresponds to dehydroxylation.
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Table T5.5.1.4.1. Thermoanalytical data of mordenite

R Temperature ol dehydration ("C) Temperature and products of
elerengey - PR
0 100 100200 200 300 | 500 600 | 600 700 | 700 800 transformations (*C)
SAKURAL Llavasu (1952) L10-170-240
Kotzimr (1953) 20-170
Prcst (1963) + 540 780
NASEDKIN, NASEDKINA 150
(1967)
Bariasvi (1972) 220 700-800
BRECK (1973) 25-300
Tvanova et al (1974) 200 1000-1200 new phase
Gorrarpl, (v (1985) 60 160
ULLRICH et al. (1988) 190-240 600-620 1000 glass-phase and feldspar in trace
Mean peaks in bold.
o Sample: Mad, Hungary
Sample mass: 163.6 mg
|17 Heating rate: 10 °C/min
= Mass loss during the reactions: 8.5%
Mordenite content of the sample based on water con-
34 tent: 60-70%
%
161 rs1
6.8
T T T T T T T T T 8.5
0 200 400 oc 600 800 1000
Figure 5.5.1.4.1. Thermogravimetric curves of mordenite

5.5.1.5 Zeolites with sheets of 4—4—1-1 structural units
5.5.1.5.1. Heulandite (Ca,Na,K,Sr) [(Si,Al), O ] nH,0O (n=22-26)

Two-dimensional channel system of three relatively open channels with 4.0x5.5, 4.4x7.2, 4.1x4.7 A free apertures.
Contains zeolitic water mainly. Dehydration during a broad thermal reaction with a sharp peak at about 300 °C in addition
to zeolitic water, because some of the water molecules are closer to calcium than others weakly held water molecules. Water

content is between 13-17%.
Reactions of the mineral based on publications are summarized in Table T.5.5.1.5.1.

Table T5.5.1.5.1. Thermoanalytical data of heulandite

Temperainre ol debydraton ()
Relercnoes . Temperature and provucts of transhcmations {*C)
i 100 i 200 20H) 30 300 400 40y 500 SOH1 fdik

Koy (1953) 120, 170 341
Mumeron (1960) 230 M5 =230 heulandite B 350 amorphous
PECs1 (1962) 191 340, 360
Prsi (1966) 220 420 320 300 wairakite and Si(),
Panis el al. (1967) 200-220 | 340-360 410 abuut 300
ot S 215 n 215 heulandite B 372 amorphous
Prcst DoNATiz (1968) 1000 bytownite
Bamiasvinn {(1972) 244) 40y 4600 gmorphous 1000 bytowmile

- < 450 complele

Y72 215 nhs e "

ALt (1972) 215 phase | =40} phase B Jestruclion
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Table T5.5.1.5.1. Continuation

lemperature of dehydration ()

Belerences Temperature and products of translormalions (C)
T T 200 20M1 3k 3000 400 4000 500 RICIRGT
3RECK (1973) 25 300 300 215 heulandite B *360 slructure
collapse
Ivanowa el al. (1974) 230 350-540
SMYEATZ KLoss (1974) 97 176 470 392 T8T 887
(GOTTARDL, (GALLI 50-200 280 up to $00
(1983) 11 moles | & moles 5 moles
ULikic el al. (1988) 200-265 | 340-400 480 1000 whass phise andd
leldspar trice

Mean peaks in bold.

Heulandite A
Heulandite 1

Heulandite B

Initial phase
Intermediate
collapsed phase
Collapsed phase

5.5.1.5.2. Clinoptilolite (K,Na,Ca)6[(Si,Al) .0 ]nH,O (n=20-24)

(020) spacing A
8.97-9.05

8.73-8.87
8.30-8.35

Clinoptilolite is defined as the series with the similar framework as heulandite, but the ratio of Si:Al is >4.0 (silica rich
heulandite). X-ray patterns are not suitable for separating clinoptilolite and heulandite. Kinetic diameter: 3.5 A. Water con-
tent of clinoptilolite: 13—-16%.

The high silica content can be correlated to increased thermal stability and the appearance of intermediate phases.
Thermal stability has been used by some investigators to distinguish clinoptilolite from heulandite (heulandite is amorphous
above 400 °C, while the clinoptilolite structure is stable up to 750 °C), but it seems to be also an unclear criterion because
there are intermediate properties. The different Si/Al ratio and the extra-framework cation composition play a role in the
thermal behavior of clinoptilolite or heulandite.

Table T5.5.1.5.2. Thermoanalytical data of clinoptilolite

Temperature of dehydration (°C)

Temperature and products of transformations

marized in Table T5.5.1.5.2.

Sample: Mad, Hungary
Sample mass: 155.5 mg
Heating rate: 10 °C/min

tent: 61-72%

References .
100-200 200-300 o)
Brreck (1973) 125 300
. - - 1000 glass phase, traces ol
W il — - =
Unircn et al. (1987) 125 165-250 380-490 feldspar and cristobalite
Mean peaks in bold.
Reactions of the mineral based on publications are sum- 0
Reaction of clinoptilolite: 1o
1. between 30 and 900 °C: endothermic: broad dehydra-
tion with a peak maximum at about 100 °C.
Stoichiometric factor based on the dehydration: 6.3-7.5. [
%
57
Mass loss during the reactions: 9.54% 108 7.6
Clinoptilolite content of the sample based on water con-
T T T T 9.5
0 200 400 oC 600 800 1000
Figure 5.5.1.5.2. Thermogravimetric curves of clinoptilolite
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Reactions of the mineral based on publications are summarized in Table T5.5.1.5.3.

5.5.1.5.3. Stilbite (Na,Ca),[(Si,Al),,0_]-27-30 H,O

Two-dimensional channel system with 4.1x6.2 and 2.7x5.7 A free apertures is in the structure. It consists of both zeolitic
and crystal-water, water molecules are coordinated with Ca® or Na* ions. The water content is about 17-19%.

Table T5.5.1.5.3. Thermoanalytical data of stilbite

Relerences

Temperature of dehvdration (C)

Temperamre and products of transformations

W00-200 | 200-300 | 300-400 | 400-500 | 700-00 | s00-900 ]
Komrmar (1953) 100, 191 261
. 870 anorthite 870 anorthite
W j ’ 2] 1
PEcst (1962) 230, 290 hywtonite hywtonite
BATIASVIIT ([972) 150 470-350
BrRreE (1973) 191 262 500
NASEDKINA-NASEDKIN )
(1967 210 740 450 490
Swvkare Kuoss (1974) | 100 | 20020 850 481 510
Ivanova et al. (1974) 200-230 470-350
(70) 175 250 500

Gorrano, Garn (1985) 1.3 moles

15 moles | 13 moles | probably

hydroxyl
960 glass phase,
Tiricn et al. (1988) [00-140 | 200-280 280-320 445-500 traces of feldspar and
cristobalile
Mean peaks in bold.
0 . . .
Reactions of stilbite:
1. between 50 and 470 °C: endothermic: dehydration
r3.6

7.3

' %

-10.9

F14.6

T T
0 200

Figure 5.5.1.5.3. Thermoanalytical curves of stilbite

T
800

18.2

1000

(with two maximum at about 200 and 330 °C):
Loss of the major part of the water content.
2. between 450 and 510 °C: exothermic: phase transition
and loss of the rest of the water
Stoichiometric factor based on the whole water content:

5.4-5.9.

Sample: Csédi Hill, Dunabogdany, Hungary
Sample mass: 99.3 mg
Heating rate: 10 °C/min
Mass loss during dehydration: 18.22 %

Stilbite content of the sample based on the dehydration:

98-100%

5.5.1.6. Zeolites with cages and double cages of 4-, 6- and 8-membered rings

5.5.1.6.1 Gmelinite
Na [ALSi O, ]21.5H,0 or K [ALSi O, ]-23.5H,0 or Ca [ALSi O, ]-23.5H,0

The mineral has a three-dimmensional channel system with a 7 and 3.6x3.9 A free apertures. Largely contains zeolitic
water. Water content is about 19-20%.

Reactions of the mineral based on publications are summarized in Table T5.5.1.6.1.
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Table T5.5.1.6.1. Thermoanalytical data of gmelinite

. Temperature of dehydration (*C) Temperature and produets of transtformations
Relerences A
100 200 2000 300 300 400 (C)
Prest (1962) I 340, 370 340 change in the lattice
Prcsi (1966) 240 340, 380 340 change m the laitice 1000 ohgoclas
Berck (1973) >300 structure change
Goroaror, Ga (1985 | 100 {Slh?“ﬁ“mm 300

Mean peaks in bold.

5.5.1.6.2. Erionite
Na [Al Si, O, ]-24.6H,0 or K [Al Si, O, ]-32H,0 or Ca [Al Si, O, ]-31H,0

The mineral has a three-dimmensional channel system with a 3.6x5.2 A free apertures.
Reactions of the mineral based on publications are summarized in Table T5.5.1.6.2.

Table T5.5.1.6.2. Thermoanalytical data of erionite

References Temperature of debydration ("C) Temperature and products of
100 200 200 300 300 400 ranslormations ()
Baniasvin (1972) 360 920 amorphous
BRECK (1973) S0 400 920
Gorrarm, Gar (1985) )
hydrothermal 100, 140, 170 230 (shoulder)
sedimentary 352300

5.5.1.6.3. Chabasite(Ca, ,Na,K) [AlSi O, ]-12H,0

The mineral has a three-dimmensional channel system with a 3.7x4.2 and 2.6A free apertures. Largely contains zeolitic
water. Theoretical water content: 18-23%.
Reactions of the mineral based on publications are summarized in Table T5.5.1.6.3.

Table T5.5.1.6.3. Thermoanalytical data of chabasite
Lemperature of debydration (°C) Temperature and products
Relerences ; o cfarmations (20
0 100 100 200 2000 300 300 400 4000 500 SO0 600 of transformations (“C)
Koo (1933) 05-160-240
Prest (1962) 220 870 anorthite, hytownite
SoKOLOVA (1967) 270-280 $60-870
PANES et al. (1967) 00 400 860
820-875 exothermic
Passacria (1970) 100-170 210-225 destruction of (he
framework
o 11 750-850 structural
BATIASVILI (1972) 230 translormation
BRECK (1973) 25 300 200
Tvanova et al. (1974) 220 750-850 amorphous
Swvkarz Kioss (1974) o 312350 | 495 520 650 700, 882 886
Gorrarny, Garlt (1985) 170
Na-chahasite 100, 150 250
(a-chabasite 160 220, 280
Sr-Alchabasite &0 (shoulder),
200
690, T50-975 glass
UTIRICH et al. (1987) 150 200 255 phase with anorthite

trace
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Thermal reaction of chabasite:
1. The dehydration of chabasite is characterised by a
L4z double endothermic peak at 200 and 350 °C up to 900 °C.
2. The exothermic peak at 800-900 °C is the result of
the destruction of the framework.
Stoichiometric factor based on the whole water con-
o tent: 4.3-5.6.

F12.5

83

Sample: Csodi Hill, Dunabogdany, Hungary

Sample mass: 114.3 mg

L 166 Heating rate: 10 °C/min

Mass loss during dehydration: 20.76%

Chabasite content of the sample based on dehydration:

20.8
0 200 00 . 6 800 1000 89-100%

Figure 5.5.1.6.3. Thermoanalytical curves of chabasite The thermal curves are influenced by the dominant
cation present in the chabasite.

5.5.1.6.4. Faujasite (Na,Ca,Mg),[(Si,Al) ,0,,]nH,O (n=16)

The mineral has a three-dimmensional channel system with a 7.4 and 224 free aperture.
Theoretical water content about: 25-27.5%.
Reactions of the mineral based on publications are summarized in Table T5.5.1.6.4.

Table T5.5.1.6.4. Thermoanalytical data of faujasite
lemperature of dehydration ("C) | Temperature and products of
Relerences i e
100 200 200 300 transformations (7€)
BreCk (1973) 50-400 770-795
GOTTARDL, GALLT (1985) 175 300
Utericn et al. (1987) 190-250 900-980

5.5.1.7. Thermoanalytical data of other zeolites

Thermoanalytical data of other zeolites are based on data of GOTTARDIL, GALLI (1985) are summarized in Table T5.5.1.7.

Table T5.5.1.7. Thermoanalytical data of other zeolites

~ o . - Temperature and products
Mineral Vemperature of dehydration ") afl” Lramslormations (07
0 1 10 200 200 300 300400 40 51 SO0 G GO0 T ]

Wairakile 360 500
R . TO-100) 200-3 5
Yugawaralile T0-100 __1{ 300 450

g T moles T mples 4 mghes

113 474 910 exatherm
Raggianite Toss ol Toss ol el
zeolitic waler hydroxy! recrystallization
Garromile 60 170 320
Amigite fll [ET 320
Crohhinsite 80 {shoulder) 150 200 400 continuous
Wellsite 120 230 | 330
Merliomile 5 peaks belween 25 and 450
Paulingiic 100 200 RED]
180 )

vyne 7 300
Levyne 70 {shoulder) 300
Offretite 125, 193

- 200

achiar i . .
Trachiardite 1 (shoulder)
Lpistilbile 104 250 300, 345
Ferrierile 80 el 240 680

(shouliler)

I e 750 spodumen and

Bikitaiic 260 cnerypite
[
Stellerite T 175 23 prohahly
hyidrovxyl

Barrerile 50 150 200 S00-900 probably hydroxy]
Lrewslerile 30 (shoulder) 190 260 3%0
N 100 - N
Cowlesile fshoulder] 150 300
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References for zeolites: 11: brewsterite, 9: amicite, 10: heulandite, 12: heulandite, clinoptilolite, 29: mesolite, 30:
yugawaralite, 71: natrolite, mesolite, scolecite, thomsonite, heulandite, desmite (stilbite), leonhardite (laumontite), morden-
ite, chabasite, erionite, 79: natrolite, edingtonite, 104: heulandite group minerals, 108: chiavennite 121, 122: heulandite,
clinoptilolite, 144: analcime, heulandite, 165: stilbite, 189, 196: analcime, 197, 218, 219: phillipsite, gonnardite, 220: heulan-
dite, 255: chabasite, phillipsite, 308: bikitaite, 311: heulandite-stilbite group, 317: phillipsite, 351: laumontite, 352: laumon-
tite, 392: rhodesite, mountainite, 398: analcime, 413, 443: stilbite, 496: phillipsite, gismondine, harmotome, chabasite,
gmelinite 512: partheite, 513: natrolite, mesolite, thomsonite, gonnardite, scolecite, mordenite, heulandite, desmite (stilbite),
chabasite, 526: natrolite, mesolite, scolecite, 538: stilbite, 539: scolecite, 549: heulandite type minerals, 568: analcime, 582:
clinoptilolite, 584: bikitaite, 591: natrolite, scolecite, mordenite, laumontite, analcime, thomsonite, mesolite, heulandite,
592: clinoptilolite, scolecite, phillipsite, laumontite, heulandite, epistilbite, 601: natrolite-group, 644: clinoptilolite, 660:
paulingite, 721: clinoptilolite, heulandite, 738: heulandite, 750: desmine, 768: clinoptilolite, 780: mordenite, 789: laumon-
tite, 805: natrolite, 810: natrolite, scolecite, chabasite, heulandite, desmite (stilbite), heulandite, laumontite, thomsonite,
mesolite 814: roggianite, 815: chabasite, 816, 817: levyne, erionite, 818: phillipsite 852: analcime, natrolite, mesolite, thom-
sonite, scolecite, edingtonite, gismondine, laumontite, mordenite, heulandite, stilbite, epidesmine, epistilbite, phillipsite,
harmotome, gmelinite, chabasite, levynee, faujasite, 853: chabasite, desmite (stilbite), natrolite, 854: heulandite, scolecite,
855: thomsonite, analcime, chabasite, natrolite, gmelinite, scolecite, mesolite, phillipsite, harmotome, gismondine, morden-
ite, clinoptilolite, laumontite, brewsterite, stilbite, 858: natrolite, scolecite, mesolite, 870: natrolite, scolecite, mesolite, 900:
gismondite, 901: natrolite, mesolite, scolecite, thomsonite, gonnardite, edingtonite, 934: phillipsite, 938: yugawaralite, 939,
981: chabasite, 991, 1006: natrolite, scolecite, thomsonite, laumontite, heulandite, stilbite, gismondite, chabasite, 1019:
chabasite, 1024: laumontite, 1037, 1096: natrolite, thomsonite, scolecite, 1097: heulandite, stilbite, clinoptilolite, 1098: mor-
denite, laumontite, chabasite, faujasite, 1174: thomsonite, 1175: fibrous zeolites

5.5.2. Other tectosilicates

The H,O content of nepheline varies from 0.05 to 0.39 wt% and it is mainly located in vacancies in the alkali site.
In the case of ammonioleucite the TG curve indicates only one stage of weight loss between 415 and 550 °C. This weight
loss is attributed to the decomposition of the ammonium ion to NH, + 1/2H,0.

References: 42: nepheline, 102: hyalophane, buddingtonite, 493: ammonioleucite, 510: buddingtonite

6. CARBONATES

The general reaction of carbonates is the following: MeCO, = MeO+ CO,-

6.1. Water free simple carbonates

The most important reaction of simple carbonate point of view of thermogravimetry is the thermal decomposition (Table
T6.1a). Other reactions mainly may be shown only on DTA curves (Table T6.1b).

Table T6.1a. The most important reactions of simple carbonate minerals

Mineral Formula | Thermal dissociation "C Stoichiometric factor Notice
Siderite FeC(), 54() 333 2.63 in nitrogen
Otavite dCo, 440 450 392

Cerussile PhC0, 407-427 6.07

Smithsonite | 7nCO, 470-590 2.84

Rhodochrosite | MnCO, 515-680 2.61 in nitrogen
Magnesite MpCOQ, 625 643 1.92

Calcite CaCl), 893 2.27

Aragomle CaCO, 893 227

Strontianite SrC0, 1142 1151 336

Nalrile Na,C0, 900-1200 241

Witherite - BaCo, 1195 4.48
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Table T6.1b. Further reactions of simple carbonates

Reaction Mineral TEI"F.QSWN Polymorphic transition
Cerussite 897
. natrite 320
Melting trona 500 900
kahemle o900
witherile 806 orthorhombic — | telragonal
Phase transilion slronlinile 924 orthorhombig — | hexagonal
aragonite 450 orthorhombic — | trigonal
o siderite 475-760
Oxidation rhodochrosite 055-870 to Mn 0,
Reduction rhodochrosite 930 1050 Mn, ()7 Mn),

Temperature of decomposition depends on the quantity of the mineral, on substitution and on crystallinity. The slope of
the PA curve is very steep. Temperature shifts when the amount of calcite changes by an order of magnitude in the case of
calcite is about 100 °C.

6.1.1. Calcite CaCO3

0 The endothermic decomposition reaction:
CaCO, = CaO+ CO,
Stoichiometric factor of the reaction: 2.27.

Sample (Figure 6.1.1a): Voroshid, Gerecse Hill, Hungary
Sample mass: 193.9 mg

Heating rate: 10 °C/min

Mass loss during dissociation: 43.56%

- 261 Calcite content of the sample based on dehydration: 99%

r17.4

YA

The temperature of calcite with lower crystallinity is
349 lower by about 20-50 °C than that of the well crystallized
variation. Another indicator of the thermal decomposition

. . . . 936\ | . process of the calcite structucre disintegrated by the

200 400 o 600 800 1000 weathering process is that the normal single-step reaction

Figure 6.1.1a. Thermogravimetric curves of calcite will gradually turn into a double-stage reaction (see Figure
6.1.1b).

Sample (Figure 6.1.1b): Udvari, borehole Ud—2a 10.8—
11.0 m, Hungary

Sample mass: 83.1 mg

Heating rate: 10 °C/min

. This sample was taken from a palaeosoil horizon in a
wl.s Quarternary loess section. The soil formation in this envi-
ronment is characterized by the dissolution and gradual
L35 leaching of CaCO, from the loess and the carbonate has

o very distinct structural disorders.
lss Substitution in a calcite type lattice is limited. The

iron-, magnesium- and manganocalcite have a very simi-
lar thermoanalytical curve to that of calcite, however, dur-
ing heating the manganocalcite sample becomes black.
Aragonite changes into calcite at about 455 °C. The
TG curves showed that in a number of cases the solid solu-
tion structure contained occluded water that was released

7.0

8.8

T T T T 10.5 . . .

200 wo Lo 800 1000 during the transformation. (see chapter Water bound in
Figure 6.1.1b. Thermogravimetric curves of a strongly weathered solid solution and Figure 39). The decomposition is the
calcite same as that of calcite.
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6.1.2. Magnesite MgCO,

The endothermic decomposition takes place at 620-650 °C TG

with the following reaction:
MgCO, = MgO+ CO,
Stoichiometric factor of the reaction: 1.92.

Decomposition temperatures decrease markedly with increas-

ing Fe substitution.

Sample: Hnusta, Slovakia

Sample mass: 900 mg

Heating rate: 10 °C/min

Mass loss during dissociation: 49.2%

Magnesite content of the sample based on decomposition: 95%

dm/dt 04
[mg/min]

m[%] ¢

T T T T T T T T I T
100 200 300 400 500 600 700 800 900 1000

oC;
Figure 6.1.2. Thermogravimetric curves of magnesite

6.1.3 Rhodochrosite MnCO3

Reactions of the mineral:

1. endothermic decomposition reaction at 515-680 °C: (temperature at which decarbonation occurs is raised by the pres-

ence of Ca and Mg while lowered if iron substitutes man-
ganese in the lattice)
MnCO, = MnO+ CO,.
2. immediately overlaps the oxidation:
2MnO = Mn 0.,
stoichiometric factor for reactions 1 and 2 in the case
of complete oxidation: 3.23
3. at about 900 °C: endothermic reduction:
Mn,O, = MnO,.

Sample: Urkit, Hungary

Sample mass: 112.5 mg

Heating rate: 10 °C/min

Mass loss during reactions 1 and 2: 10.5%

Rhodochrosite content of the sample based on these
reactions: 34%

Other thermally active minerals in the sample:
goethite with Mn content, celadonite, kutnahorite

0

0

927

r4.2

r8s

%

12.7

r17.0

579 10.71% [
! : r21.2

r v T T T T
200 400 oC 600 800 1000

Figure 6.1.3. Thermogravimetric curves of rhodochrosite

6.1.4. Siderite FeCO3

Reactions of the mineral:

1. endothermic decomposition reaction at 500-550 °C: (decomposition temperature is dependent on substitution of

MH2+, Mg2+)
FeCO, = FeO+ CO,.
2. immediately superimposes the oxidation:
2FeO — Fe,O, (maghemite and hematite).
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4.3

8.6

L oo

F12.9

F17.3

T T T T 21.6
0 200 400 o 600 800 1000

Figure 6.1.4a. Thermoanalytical curves of siderite

The endothermic and exothermic peaks are often over-
lapped and — especially in the case of small quantity of the
mineral — compensated by each other. In this case no reaction
can be seen in the DTA curve, but a well defined reaction
occurs in the DTG curve (Figure 6.1.4.b).

Endothermic: 82.8 kjoule/mole, mass loss 18%.

Exothermic: 138.0 kjoule/mole, mass increasing: 6.9%.

Sample: Smolnik, Slovakia

Sample mass a): 200 mg

Sample mass b): 100 mg

Sample mass c): 50 mg

Sample mass d): 10mg

All samples are complemented to 1000 mg with ALO,

Mass loss during the reactions a): 6.0%

Mass loss during the reactions b): 3.0%

Mass loss during the reactions c): 1.5%

Mass loss during the reactions d): 0.35%

Siderite content of the original sample based on these reac-
tions a): 97%

Siderite content of the original sample based on these reac-
tions b): 97 %

Siderite content of the original sample based on these reac-
tions ¢): 97%

Siderite content of the original sample based on these reac-
tions d): more than 100%

Stoichiometric factor for reactions 1 and 2 in the case of
complete oxidation: 3.22.

Higher content of Mg in siderite shifts the maximum of
this reaction towards higher temperatures (breunnerite, pis-
tomesite).

Sample: Chile

Sample mass: 113.0 mg

Heating rate: 10 °C/min

Mass loss during reactions 1 and 2: 11.23%

Siderite content of the sample based on these reactions:
36%

Other thermally active minerals in the sample: calcite

dm/dt
[mg/min]|

m[%] 0

300 400 500 600 400 SO0 GOO 400 500 GO0 400 500 600
TI°C] T[C) T[C) TI°C)

Figure 6.1.4b. Superposition of the endothermic and exothermic
reactions on the DTA curve of siderite

6.1.5. Cerussite PbCO3

Decomposition of cerussite is a complex process with intermediate phases.

1. at about 300 °C:

2PbCO, = PbO'PbCO,+CO,

2. at about 390 °C:

3(PbO'PbCO,) = 2(2PbO+PbCO,)+CO,
3. at about 430-510 °C

2(PbO+PbCO,) = 3PbO+CO,

reactions 2 and 3 are overlapped

intermediate phases: 6PbO+0, = 2Pb O, and later 2Pb,0, = 6PbO+0,

4. at about 860-880 °C: melting of PbO
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Sample: unknown

Sample mass: 69.3 mg

Heating rate: 10 °C/min

Mass loss during decomposition: 15.09%

Cerussite content of the sample based on these reac-
tions: 92%

Other thermally active minerals in the sample: galena

W" 0
‘ DTG
3.6
435
15.07% ‘ F7.3
300 } %
‘ F10.9
390 ‘
F14.5
DTA
TG 849
. . . . . : . . - 18.1
0 200 400 600 800 1000

¢
Figure 6.1.5. Thermoanalytical curves of cerussite

6.2. Water free double carbonates

Double carbonates according to the different bonding energy of different cations have two (or because of their real sto-
ichiometry sometimes three) steps decomposition process (Table T.6.2.).

Table T6.2. The main reactions of double carbonate minerals

Mineral Tormula . ThL‘rmEﬂ_di_ssuciatim] | Thermal dissn_cigti_pn Notice
(characteristic peak) "C (sccond step) "C

Ankerite LeCa(C0), 650-700 850-950 theoretical
Ankerite (Mg>l'e),Ca(CO,), T00-750 830-930 real
Kutnahorite | MnCa(C0,), 660 730 #30 930 theoretical
Kutnahorite | (Mn>Mg).Ca(C0O,), TOHO-800 #30 950 real
Huntite Mg, Ca (CO,), a00-650 #50 950

Daolomite MgCa(CO,), 750-800 850-950

6.2.1. Dolomite MgCa(CO,),

Reactions of the mineral:

1. At 750-800 °C: endothermic: (the first dolomite peak occurs at higher temperature than the magnesite reaction,

because of its more complex structure):
CaMg(CO,), = CaCO, + MgO + CO,.
Stoichiometric factor of the reaction: 4.2.
2. Between 840 and 950 °C: endothermic
CaCO, = CaO+ CO,.
Stoichiometric factor of the reaction: 4.2.

Sample: Gellért Hill, Budapest, Hungary

Sample mass: 267.9 mg

Heating rate: 10 °C/min

Mass loss during the first decomposition: 21.85%

Mass loss during the second decomposition: 23.22%

Dolomite content of the sample based on the first reac-
tion: 92%

Other thermally active minerals in the sample: calcite
(3%), clay mineral

In the case of a large sample mass well expressed dou-
ble thermal effects of dolomite can be observed. For small
samples both peaks of thermal decomposition of carbonate
components occurred in very close or at almost identical
temperatures.

21.85%

r18.4

VAR | NS

Yo

r27.6

%
@
1%

.22%|

r36.8

792
46.0

T T T T
0 200 400 oC 600 800 1000

Figure 6.2.1a. Thermogravimetric curves of dolomite
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In many cases the dissociation of dolomite produces certain irregularities.
The thermoanalytical curves indicate also the crystallinity stage of dolomite. Well crystalline dolomite has a double

stage decomposition in the loess (Figure 6.2.1b) but the two step merge into one another by the process of solution during
the soil formation in the palaeosoil (Figure 6.2.1c). The two samples have very similar carbonate composition according to
other analytical methods (Table T6.2.1).

Table 6.2.1. Composition of carbonate in loess and palaeosoil analysed by different

methods
Analytical 4_3—1.[] m (well cr'ystgﬂrdj 31.3-3 _I_J m (whcaﬂmrrd}
calcite dolomite calcite dolomite

method m

n
XRD 14 10 ] 13
Calcimetry 10 12 9 8
DTG 15 11 22
DTG 13 11 13 | Y

T

2.5

5.0
L 9.91% r %

7.5

F10.0
DTG

Mk

TG - \

140 12.6

: v . , : : : T T
200 400 i 600 800 1000 400 600 800 1000
o °C

Figure 6.2.1b. Thermogravimetric curves of dolomite in loess Figure 6.2.1c. Thermogravimetric curves of

dolomite in palaeosoil

Sample (Figure 6.2.1b): Udvari, borehole Ud—2a 4.8-5.0 m, Hungary

Sample mass: 193.6 mg

Heating rate: 10 °C/min

Mass loss during the first decomposition based on the DDTG (the first decarbonation peak of dolomite sits on the peak

of CaCO, dedomposition): 2.55%

Mass loss during the whole decomposition: 11.64%
Dolomite content of the sample based on the first reactions: 11%
Other thermally active minerals in the sample: calcite (15%), illite, montmorillonite, chlorite, gypsum

Sample(Figure 6.2.1¢): Udvari, borehole Ud—2a 31.3— 31.5 m, Hungary

Sample mass: 164.1 mg

Heating rate: 10 °C/min

Mass loss during the first decomposition based on the DDTG: 2.18%

Mass loss during the whole decomposition: 9.91%

Dolomite content of the sample based on the first reactions: 9%

Other thermally active minerals in the sample: calcite (13%), illite, montmorillonite, chlorite, kaolinite, goethite

Soluble salts lowered the first decomposition peak of dolomite (Figure 6.2.1d). As much as 0.1% of NaCl perceptibly

decreased the temperature of this reaction. The curves are similar to that of the mixture of calcite and magnesite. Removal
of the salts by washing with distilled water resulted in the usual appearance of dolomite peaks appeared.

Sample (Figure 6.2.1d): Egypt

Sample mass: 112.1 mg

Heating rate: 10 °C/min

Mass loss during the whole decomposition: 35.68%

Dolomite content of the sample based on the whole mass loss: 75%
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Figure 6.2.1d. Thermogravimetric curves of “protodolomite” (Mg-poor
dolomite) bearing rock with halite content

Sample(Figure 6.2.1e): Egypt

Sample mass: 75.8 mg

Heating rate: 10 °C/min

Mass loss during the whole decomposition:37.55%

Dolomite content of the sample based on the whole mass
loss: 79%

In shallow lakes, as in bottom muds of Lake Balaton
autochtonous disordered high magnesium calcite with up to
20 mol per cent MgCO, [(014)-reflection 20=30.00°] and
“protodolomite” [20=30.6-30.85°, mean composition of
Ca, Mg, ,.(CO,),] formed at low water levels during periods
of high evaporation from solution with higher Mg/Ca ratios.
The shape of thermal curves is very variable.

Sample(Figure 6.2.1f): Borehole T6—19 0.5-0.6 m Lake
Balaton, Hungary

Sample mass: 109.9 mg

Heating rate: 10 °C/min

6.2.2. Huntite Mg,Ca(CO,),

Due to the higher Mg ratio the decomposition of MgCO,
appears at a lower temperature than that of dolomite. The
curves are similar to that of the mixture of calcite and mag-
nesite.

Reactions of the mineral:

1. Between 550 and 650 °C: endothermic:

Mg Ca(CO,), = 3MgO + CaCO, + 3CO,.

Stoichiometric factor of the first reaction: 2.67.

2. Between 800 and 900 °C: endothermic:

CaCO, = CaO+ CO,.
Stoichiometric factor of the second reaction: 8.

Sample: Dorog, Hungary

Sample mass: 500 mg

Heating rate: 17 °C/min

Mass loss during the first decomposition: 27.4%

Huntite content of the sample based on the first reaction: 73%

Other thermally active minerals in the sample: calcite +
aragonite (9%), clay mineral

7.5

821 F14.9
%

r22.4

298

. T " ; . , . . . L37.3
0 200 400 oc 600 800 1000

Figure 6.2.1e. Thermogravimetric curves of the previous sample after
washing by distilled water

6.0

r11.9

%

17.9

-23.8
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Figure 6.2.1f. Thermogravimetric curves of high magnesium calcite
and Ca-dolomite (“protodolomite”)

dnv/dt
[mg/min]

m[%] 0

| T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

°C

Figure 6.2.2. Thermogravimetric curves of huntite
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6.2.3 Ankerite (real)
(Mg>Fe),Ca(CO,),

dvdt |
[mg/min]

AT[C] 0-|

nrG

104

204

30

N‘l() 2(‘]0 Sbﬁ 460 51‘!0 61‘!0

°C

700 800 900 1000

Figure 6.2.3. Thermoanalytical curves of real ankerite

Reactions of the mineral:
1. Between 700 and 770 °C:
a) endothermic:
Ca(Mg,Fe)(CO,), = CaCO, + MgO + FeO + CO,,
b) exothermic:
2FeO + O, =* Fe O,
2. 750-800 °C: endothermic:
Fe, O, + 2CaCO, = Ca Fe O, + 2CO,.
3. 850-950 °C: endothermic:
the rest of CaCO, = CaO + CO,,
hence: (CO,)., = mass loss of reactions 2"'+3",
(CO,),, = mass loss of reaction,
(COZ)Mg= mass loss of reaction 1% — (0.82 x the mass loss
of reaction 2),
CO, content belongs to calcite: (CO,) - (CO,),, - (COZ)Mg.

Sample: Sukord, borchole 8t 1 356 56.4 m, Belongs to Belongs to
Hungary (from carbonatite) “ankerite” caleite
Sumple mass: 1000 mg

Heating rate: 17°C/min

Mass loss during the first decomposition: 11.5 % 11.5 %
5+(6.3 =
Real CO, conient of the [irsi reaction: UWﬂt;uﬁtEllSJ !
1 o
Mass loss during the second decomposilion: 6.3% 6.3%
2.6 3.9%
Mass loss during the third decomposition: 10.2% relc]fj—:;i?{“ﬂl% 39%
YMeasured (0, 241 %
[Tence: Ca() content of ankerite [6.1%
Me() content of ankerite 5.8%
Fel) content of ankerite 10.3%
The real CO, content of .lutal maiss loss + - 41+113 -
o (0,18 = the mass loss "
the mineral: P 25.23%
ol the reaction 27)
Ankerite content of the o
sample
Calion composition of Ca, Mg, Fe
“ankerile”
Caleite content of the 9%
sample

Other thermal active minerals 1o the sample: Monimorilloniie, ilhte, ksohmie, pynle

6.2.4 Ferrous dolomite

.6%

T\

F20.8

11.31%

|

T T
0 200 400

T
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T
800

26.0

1000

Figure 6.2.4a. Thermogravimetric curves of ferrous dolomite

with higher iron content
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In the case of higher iron content the first and the second or the
second and third reactions are overlapped.

A further signal of iron content in the dolomite may be, when the
mass loss at the first reaction is higher than that at the second reac-
tion and/or the inflexion on the peak of decomposition.

Sample: Bétaapiti, borehole Uh—1 346 m, Hungary, fissure fill-
ing in granite

Sample mass: 175.6 mg

Heating rate: 10 °C/min

Mass loss during the first and second overlapped decomposition: 13.6%

Mass loss during the third decomposition: 11.31%

Other thermally active minerals in the sample: calcite, montmo-
rillonite, illite, chlorite

Ferrous dolomite content and iron substitution may be calculated
in the absence or known quantity of calcite.



The second derivate of the TG might show the overlapped first

or second reaction.

In the case of low iron content the first and the second reaction

can be separated and the third reaction overlapped.

Sample: BataapatL borehole Uh 1 2724 m, Ilongary,  Delongs to fercous  Ticlones to

(issure filling m gramie dolomite caloile
Sample muss: 202.9 mg
Ileating rate: [0 "C/min
Muss loss during the first decompuosition: 14.16% 14.16%
. L ) 14 16+(3 88=0. 1 H)=
Real (0}, conlenl ol the lirsl reaction: 14.86%
Mass loss during the second decomposition:3 88% 388
R L ) e g 1486 secomd 1gm
Mass loss during the Lthird decomposion: 18.39'% rcaction|=10.98% 1.0%
EMeasured €0, 36.08%
enee: Ca0 content of ankerile 22.91%
Mgl content of ankerile 13.03%
Fel) content of ankerite .32%
‘Total mass loss |
The real CO, content ol the mineral: (0L18 > the mass loss 40.31%
of the reaction ™)
Ankerite content of the sample =TH%
Cation composition of “ankerite™  Ca Mg Fe,
Caleite content of the sample LR

(ther Lthermally active minerals in the sample: montmorillomile, kaolinile

Sample: Sopron, borehole S—89 150.1 m

Sample mass: 150.1 mg

Heating rate: 10 °C/min

Mass loss during the first and second decomposition: 12.56%
Mass loss during the third decomposition: 7.5%

Other thermally active minerals in the sample: siderite

17.34%

909
3.88%

|
|
DDTG I

I-16.1

Y

242

18.39%
bl

[F32.2

T
0 200

T
400

°C

T T
600 800

40.3

1000

Figure 6.2.4b. Thermogravimetric curves of ferrous dolomite

m.v 0
4.0
12.56% =
7.9
e
119
/ 854
/
_____ \
158
T.8%
778 ol
F19.8
N,
0 200 00 . 600 500 1000

Figure 6.2.4c. Thermogravimetric curves of ferrous dolomite

with low iron content

6.2.5. Kutnahorite (real) generally (Mn>Mg,Ca,Fe),Ca(CO,),

The thermal reactions of kutnahorite are similar to those of ankerite.

1. Between 700 and 770 °C:
a) endothermic:
Ca(Mg,Mn)(CO,), = CaCO, + MgO + MnO + CO
b) exothermic:
2MnO + O, =* Mn,O,
2. 750-800 °C: endothermic:
Mn, O, + 2CaCO, = Ca Mn O, + 2CO,
3. 850-950 °C: endothermic:
the rest of CaCO, = CaO + CO,
Hence: (CO,)., = mass loss of reaction 2"+ 3"
(CO,),, = mass loss of reaction 2™
(COZ)Mg: mass loss of reaction 1 — (0.82x the mass loss of

reaction 2 )

CO, content belongs to calcite: (CO,)., -(CO,),, - (COZ)Mg
The colour of the sample after heating will be black.

Sample: Bitaapitl, borchole Th-22 159.7 m, ongary,
[issure [lling n granile

Sumple mass: 235.6 mg

Ileating rate: 10 °C/min

Belongs to
caleite

Belongs to
“kutnahoriie”

Mass loss during the first decomposition: 14.66% 14.66%
+H5.35.3=0).18)=
Real (0, comtent of the lirst reaction: 14.66 :lj,{{ij:;:.-‘:["m

14.66%

T
0 200

T
400

T
600

T
800

Figure 6.2.5. Thermogravimetric curves of kutnahorite

1000
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Mass loss during the second decomposiion:S.35%
Mass loss during the third decomposition: 14.82%

ZMeasured CO
llence: Cal) content of “kutnahorite”
MgO content of “kutnahorite™
MnQ content of “kutnahorite™
‘Total mass loss

The real CO, content of the mineral; (0,18 = the mass

loss of reaction
“Kutnghorite™ content of the sample
Cation composition of “kumahorite” Ca, Mg Mn_
Calcite content ol the sample

2)

5.35
15.62-second
reaction)—10.27%
33.86%
18.61%

2,56

0

-] £

0%
2%

[==]

40.31%

=65%

Other thermally active minerals in the sample: illite, chlorite trace

13%

6.3. Waterfree carbonates without additional anions
6.3.1. Kalicinite KHCO3

Thermal reactions of the mineral:

0
oo | 1. at about 200 °C: 2KHCO, = K CO, + H,O + CO,
Theoretical mass loss during the reaction: 30.88%
e 2. at about 900 °C: melting of K ,CO, (thermal decom-
position begins already in the solid phase)
[ Sample: unknown
r% Sample mass: 111.0 mg
L19.4 Heating rate: 10 °C/min
Mass loss during the first decomposition: 30.8%
KHCO, content of the sample: 100%
258
T T T T 323
0 200 400 oC 600 800 1000
Figure 6.3.1. Thermoanalytical curves of kalicinite
6.3.2. Teschemacherite (NH,)HCO,
! Thermal reactions of the mineral:
| 16% at about 130 °C: (NH,)HCO, = NH, + H,O + CO,
| [ Theoretical mass loss during the reaction: 100%
S Sample: unknown
204 Sample mass: 201.2 mg
% Heating rate: 10 °C/min
305 Mass loss during decomposition: 16.0%
NH,KHCO, content of the sample: 16.0%
Other thermally active minerals in the sample: calcite
- 4.6
132
T T T T T T T T S08
[} 200 400 pres Gl 800 1000

C

Figure 6.3.2. Thermogravimetric curves of teschemacherite
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6.4. Waterfree carbonates with additional anions
6.4.1 Malachite Cu,(OH),CO,

Thermal reaction of the mineral:
at about 380 °C: endothermic: simultaneous loss of both OH
water and CO, from the structure:
CuCO, Cu(OH), 2 2CuO+CO,+H,0
mass loss during the reaction: 28.05%

5.6

Sample: unknown, Standard from the former Sovietunion 1978
Sample mass: 178.6 mg

Heating rate: 10 °C/min

Mass loss during the first decomposition: 27.59%

Malachite content of the sample: 98%

T 27.9
0 800 1000

Figure 6.4.1. Thermogravimetric curves of malachite

6.4.2. Azurite Cu,((OH)CO,),

Reaction of azurite is similar to that of malachite but due to the higher CO,and OH proportion the reaction appears at
about 30-50 °C higher temperature. Azurite decomposes under certain conditions (e.g. heated in helium carrier gas at 10
°Cmin™') in two approximately equal steps (BROWN et al. 1984).

6.4.3 Dawsonite Na,Al(CO,),-2A1(OH),

Reaction of the mineral in four steps:
NaAl(OH),CO, = NaAlO,+ H,O + CO,
Stoichiometric factor of the whole mass loss: 2.32.
A small exothermic peak at 828 °C, crystallization of sodium
aluminate.

Sample: unknown, Standard from the former Sovietunion 1978
Sample mass: 130.5 mg

Heating rate: 10 °C/min

The whole mass loss during decomposition: 33.35%
Dawsonite content of the sample: 77%

T T T T 33.5
200 400 600 800 1000
°C

Figure 6.4.3. Thermoanalytical curves of dawsonite

6.5. Water-bearing carbonates
Thermal decomposition of hydrated and basic magnesium carbonates always occurs at lower temperatures than that of
anhydrous carbonates.

6.5.1. Nesquehonite MgCO,-3H,0 or Mg(HCO,)(OH)-2(H,0)

Reactions and interpretation according to different authors are in Table T6.5.1.

Table T6.5.1. Thermal reactions of nesquehonite

References Temperature interval (C)
) 200 300 400 500 30 600 600 700 other reaction
- 2 235 425 535 5 5
BECK (1950) 210 235 43 233 %) m—U .
dehydration dehydroxylation decarbonation crystallisation of Mg ?
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Table T6.5.1. Continuation

I lemperature mberval (°C)
References 200 300 200 300 200 300
210 and 235 425 535 and 583 510
TSVETKOV et al. (1964) 2 moles of 1 mole of water decarbonation
waler _
QUERALT et al. (1997) 435 630
(LICMC) loss ol release of
’ structural H .0 Co..

) 262 462

- al (2
LauCk et al. (2000) dehydration O, evolution

6.5.2. Hydromagnesite 3MgCO,-Mg(OH),-3H,0

Reactions and interpretation according to different authors are in Table 6.5.2.

Table 6.5.2. Thermal reactions of hydromagnesite

References Temperatare interval ()
) 200 300 300 400 400500 3000 600 600 700 other reaction
. . 375 440 365 600 510
BECK (1930 - - - - — ,
( ) dehydration | dehydroxylation decarbonation decarbonation | erystallisation ol MgO
296 426 548 511
LAuiR el al. Tormation of well-
(2000) dehydration dehydroxylation dissociation formation of wer
erysiallime magnesiie
Monroya et al. an 4 R
3 3
(2001) 20 420 330

6.5.3. Dypingite Mg_(CO,) (OH),-5H,O

0
| F11.5
|
|
I L23.0
| %
|
| L34.5
|
|
| F46.1
|
|

' i 42 . , ~ i 245% 6

0 200 400 600 800 1000

Figure 6.5.1. Thermogravimetric curves of dypingite

Reactions of the mineral:
1. Double endothermic peak at low temperature: loss of

2 moles water

2. Endothermic peak at about 300 °C: loss of 3 moles

water and 2 moles OH

3. double peak at 430 and 520 °C: decarbonation
4. at about 760 °C: loss of the residual CO,
Water content of the mineral (molecular water + OH) =

22.26%, CO, content of the mineral is 36.25%.

Sample: Recsk, Hungary

Sample mass: 68.7 mg

Heating rate: 10 °C/min

Mass loss during the first reactions: 7.26%

Mass loss during the second reaction: 13.49%
Dypingite content of the sample based on water escape:

93%

Mass loss during the decarbonation reactions: 35.70%
Dypingite content of the sample based on CO, escape: 98%
The whole mass loss of the sample: 57.58%

Dypingite content of the sample based on the whole mass change: 98%

6.5.4 Hydrotalcite Mg Al (CO,)(OH), -4(H,0)

Reactions and interpretation according to different authors are in Table T6.5.4.

Table T6.5.4. Thermal reactions of hydrotalcite

N Temperature interval (°()
Relerences 0 100 100 200 200 300 300 400 300 500 500 600
785 305 05
e (1050 . dehydroxylation
Brck (1930) dehydration deh}dmﬁ,}l.{ﬂou of and decarhonation
of Mg
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Table T6.5.4. Continuation

e Temgerature mierval ¢ C)
Helerenue: - 1043 [00-200 | 200-3040 F0-400) $001- 500 | S00-Gi)
Isverkow el al. 1 31500 A-330
11904} defrpdration defpdroaylation and desarbonatiog
Burss, Koosma 243 16T 447
1 19RT) I [
230 230 S04 400 =40H)
MoK ENAE el al. Ao e aalalic ichydromylation
{19UT) Inss ol water JIII:'J;.;-II".;':H" M s decarbonation
) ul’ "x
KPR, ROST T 221 4l
{1905} deliydration decarimmatim ehiyilrosykaion
) L 3 mapn weaghl hsses
ey et ul. (2000) delrdration delpdroxylation decarhonation
PARTHASARATIN 23-10 225-500
IEFRA el al. (21K} defayd camion dehydrorylstion and decadooation

6.6. Other carbonates

BEck (1950) published many data for rare carbonate minerals Table T.6.6.

Table T6.6. Thermal reaction of other carbonates according to data of BEcK (1950)

M Forunl= Euicihermic Eaullermic Frwdy prodsd
§ e iy (01, Nlul)
W |
IEreunnerile (Mg e IF_ " I'r:“:
i o
I*eshinmesals |:|'|-'_f'.||_::r|'|l_ Sk 11 iﬁ'ﬂ 1e)
Nickulsumite (UL, :.'E'L'" Eg:
Mackoline HaHC0, 205 HO, CO,, MaCd,
Troza NaHO0 MNa 0 ZH O 17a HO, CO, Na 00,
Craylussiie Cal),-Ma-5H, 0 li HO
. T HO
FHRIES 1.,
- - 4400 T,
Lanstordite Mali-SHD T TR
735 i
| lramcithallile o NI ) TIH 6 TTik, ITA, 475, TAl, &9l
Schriickimperiie Sal T LI TR S TR Il T&5, TIHN 41 7
- . S G2 &2 (1,0,
Rasinfsile (ysoniie) el i, PRI BT
. o R0 (). I,
= . - = Lo
Kisachiymil Byilracyl harsindisie * e T
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340 .
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Makachiix Cp00 ACui (H, 383 CHO, O,
Hyidrprinciie Ll TN s TLI LY ] 1y, 0h,
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Table T6.6. Continuation

Mineral Formula Endothermic Exothermic Reaction product
315 o
Manasseile MgCO,-5Mg(OH) -2AOH) 4H 0 400 OH
495 0L, Co,
Pyroaurite and . . 270 H.O
sjliigrcnilc MgCO,-5Mg(OH)-2Fe(OH) 4H,0 35!} OII_
i 455 OH’, CO,
wchiile z 77
ey | MaCO, g0 20 10
Phosgenite PhCO, PhCl, 435 o,
Leadhillite 2PHCO,-2Ph(0OH), bS50, i:é (':[(;). CO,

seskesk

References for carbonates: 7: thodochrosite, 40: vaterite, 60: dolomite, 72: aragonite, 77: dundasite, 78: nahcolite, trona,
calcite, magnesite, ferroan magnesite (breunnerite), rhodochrosite, magnesian siderite (pistomesite), siderite, smithsonite,
dolomite, ferroan dolomite, aragonite, zincian aragonite (nickolsonite), alstonite, cerussite, gaylussite, nesquehonite, lans-
fordite, uranothallite, schroedingerite, bastnisite, tysonite, kischtymite, parasite, hydromagnesite, artinite, hydrocerussite,
azurite, malachite, hydrozincite, aurichalcite, bismutite, beyerite, rutherfordite, dundasite, dawsonite, hydrotalcite, manas-
seite, pyroaurite, sjogrenite, stichtite, barbertonite, phosgenite, leadhillite, 82: hydrotalcite, 90: dolomite, 117: dolomite, 139:
malachite, azurite, 161: Ca-Mg carbonates, 171: carletonite, 172, 186: huntite, 187: huntite, 194: manganese carbonate, 195:
siderite, 199: protodolomite, 202: calcite, aragonite, magnesite, dolomite, witherite, cerussite, siderite, 203, 207: dolomite,
217: dolomite, limestone 228, 229: siderite-magnesite, 230: strontium-bearing aragonite, 233: dolomite-ankerite mineral
series, 234: dolomite-ferroan dolomite-ankerite series 235: scarbroite, 276: siderite, 284: dolomite, 285: dolomite, 298:
aragonite , calcite, 299: smithsonite, 300: huntite, 316: hydrocerussite and plumbonacrite, 321, 332, 336: water in aragonite,
342: dolomite, 343: rhodochrosite, 344: rhodochrosite, 347: siderite, 349: siderite, 354: kutnahorite, 366: azurite, malachite,
356: hydrotalcite, reevesite, pyroaurite, 357: iowaite, 369: hydrotalcites of Mg and Zn, 377: Zn-takovite, 370: hydrotalcites,
carrboydite, hydrohonessite, 390: siderite, 407, 417: low-iron dolomite, 422: adamsite, 445: dolomite, 484: magnesium-alu-
minium hydrotalcite, 491: lansfordite, sjogrenite, 511: 516: ferromanganoan dolomite, 517: magnesian kutnahorite, 548: zinc
carbonate hydroxide, 553: hydrozincite, calcite, aragonite, magnesite, thodochrosite, siderite, cerussite, azurite, whiterite,
strontianite, 561: siderite, 562: siderite, 563: smithsonite, siderite, rhodochrosite, magnesite, dolomite, calcite, 572: magne-
site, calcite, 576, 588: malachite, hydrozincite, 593: dolomite, 596: 609: calcite, aragonite, strontianite, 614: dolomite, iron
dolomite, ankerite, 617: dolomite, 618: dolomite, 638: calcite, siderite, magnesite, dolomite-ankerite, 637: rhodochrosite,
640, 651: rhodochrosite, 655: hydromagnesite, nesquehonite, 685: hydrotalcite, 694: magnesite, calcite 707: dolomite, 712:
basic copper carbonate, 714: magnesite, siderite, strontianite, witherite, rhodochrosite, smithsonite, 718, 729: dolomite, 734:
dolomite, 746: dolomite-ferroan dolomite-ankerite series, 748, 755: dolomite, 756: dolomite, 759: dolomite, malachite, cal-
cite+graphite, 760: caledonite, 1095: surite, 766: protodolomite, 790: eardleyerite, 804: dolomite group, 807: huntite, 812:
zemkorite, 819: aragonite, 831:calcite, magnesite, dolomite, 827: calcite, 845, 848, 886, 893: hydrous Ca-bearing magne-
sium carbonate, 899: amorphous calcium carbonate, 913: manasseite and hydrotalcite, 922: siderite, 940: dolomite, 978:
MnCO3, 981: malachite, ankerite, 985: magnesite, dolomite, 986: huntite, 992: calcite, 998: dolomite, 1000, 1001, 1006:
nahcolite, cerussite, Mn-calcite, smithsonite, siderite, huntite, magnesite, breunnerite, ankerite, dolomite, plumbocalcite,
calcite, strontianite, norsethite, witherite, tarnowitzite, aragonite, malachite, azurite, hydrozincite, aurichalcite, bastnésite,
parisite, phosgenite, nesquehonite, soda, trona, pirrsonite, gaylussite, hydromagnesite, artinite, brugnatellite, zaratite,
hydrotalcite, schrockingerite, voglite, 1009: nahcolite, cerussite, smithsonite, siderite, huntite, magnesite, breunnerite,
ankerite, dolomite, plumbocalcite, calcite, strontianite, norsethite, witherite, trona, pirrsonite, gaylussite, zaratite, 1010: Mg-
bearing carbonates, 1019: alumohydrocalcite, 1022, 1081: aragonite, magnesite, witherite, strontianite, siderite,
rhodochrosite, smithsonite, cerussite, dolomite, manganocalcite, baritocalcite, manganosiderite (oligonite), monheimite,
huntite, ankerite, manganodolomite, malachite, azurite, hydrocerussite, hydrozinkite, artinite, hydromagnesite, 1088: mag-
nesian kutnahorite, 1092: azurite, alstonite, alumohydrocalcite, ankerite, ancylite, aragonite, artinite, aurichalcite, barber-
tonite, barytocalcite, bastnidsite, berbankite, beyerite, brugnatellite, witherite, wiartite, gaylussite, hydrocalcite, vaterite,
hydromagnesite, hydrocerussite, hydrozincite, dawsonite, dundasite, dolomite, kalicinite, calcite, cancrinite, lithiumcarbon-
ate, carbocernaite, cobaltocalcite (spherocobaltite), cordilyte, kutnahorite, lansfordite, leadhillite, magnesite, malachite,
manasseite, manganocalcite, monheimite, nacholite, nesquehonite, oligonite, otavite, parisite, pyroaurite, pistomesite, podo-
lite, rutherfordine, thodochrosite, rosasite, siderite, synhysite, scarbroite, scawtite, smithsonite, soda, stichtite, strontianite,
thaumasite, teschemacherite, thermonatrite, trona, uranothallite, phosgenite, huntite, cerussite, sjogrenite, schrockingerite,
1114: grimselite, 1120: siderite, 1121: calcite, dolomite, 1122, 1123, 1124: magnesite, 1126, 1127, 1131: cerussite, 1133:
siderite, magnesite, 1135, 1136: magnesite, dolomite, calcite, siderite, 1137: 1138: dolomite, ferroan dolomite, ankerite,
1155: dolomite, calcite, magnesite, 1156: dolomite, 1160: calcium carbonate, 1161, 1186: rhodochrosite
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7. SULPHATES
The characteristic thermal reactions of sulphate minerals are summarized in Table T7a and b.

Table T7a. The main reactions of the most frequent simple sulphate minerals

Dehydration The last Water .
Mingryl Formuli {frcqlwmly in step of content chon}pgsﬂmn 50, “T'mcm
several sleps) dehvdralion (") ¢ (%)
Ammonium
Mascagnite | (NLL) SO, | [ | (13.6) | 520-555 |  60.1
Copper
Chalcanthite | CuS0,31LO | | [ 20 [ 36 | 3
Iron
Melanterite FeS0O,TILO + 300 45.8 650-750 29.2
Siderotile FeS0 5H.0 + 300 36.7 33
Rozenite FeS0 4110 + 300 33 650-750 36.3
Seomolnokite FeS0 H,0 300 10.3 6350 750 46.7
Nickel
Morenosite | NiSOTHO ] + [ 360 390 [ 444 780 840 [ 285
Lead
Anglesite | PbS0), | | | B80 900 [ 264
Aluminium
Alunopen A],[S(JL}S-ISII:U + 320 500 | 750-950 35l
Meta-alunogen M.r:SO,},-IS.SH.D + 300 41.5 750-950 41
Aluminium- sulphate hydrate AL(SO ) 12H 0O + 300 38.7 750-930 43
Hydrobasaluminite AL(OH), S0 36H.0 + 300 723 750 950 7.6
Aluminite AL(OH) 50,8H.0 + 300 46.8 750-950 234
Meta-aluminite AL{OH) S03H,0 + 300 41.5 750 950 41
L'elsobanyaite Al(O11), 50,5110 I 300 37.3 750-950 16.5
Basalurmmte AlL(OH) S04 5H.0O + 300 342 7500 950 17
Metabasaluminite Al(011) SO, 300 24 750-930 21
Manganese
Mallardite [ MoSO700 | | [ 260-300 [ 445 =000 | 29
Magnesium
Epsomite MgS0. 7110 I 340 51 =1000 32.3
Hexahydrite MgS0 6H,0 + 340 46.4 =1000 34.5
Pentahydrite MgS0_511.0 + 340 43 =1000 36.1
Starkeyite Mga50 4H 0 + 340 37.4 =1000 41.6
Sanderitc MgSO211.0 + 340 23 =1000 51.2
Kieserite MgSO_-H.0 340 13 =1000 37.6
Calcium
Gypsum CaS0,2110 I 209 >1000
Anhydrilg CaS0, >1000
Table T7b. Further reactions of sulphates
Reaction Nutice Temperature (*C)
Melting: see lable 22
Phase transition see lable 21
Dehydroxylation alumie, jarosile, aluminile ele.
Oxidation minerals eontaimming FeS(), 430 450
Reduction sulphates, hearing Cu() 950 1050

Solid-phase structural decomposition (endothermic)

I. Reaction of alkaline sulphates and alkaline carth sulphates

.0, dehydrated syngenite at 430 "C:

2K S0, CaS0, TS0 +K S0, 2CaS0,

similar reactions between 400 650 "C: bloedite, loweite, vanthoffite, slaserite, planberite, langbeinite, girpeyte etc.

2. Reactions of alunite-type minerals:
c.g. alumite 700 790 C
K.S0,AL(S0,), 7 K 80, + AL(SO,)
similar reactions: aluminite etc.
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7.1. Waterfree sulphates
7.1.1. Mascagnite (NH,), SO,

The mineral has different, partly overlapped decomposition process during the heating. Data found in the literature are
in the Table T7.1.1.
Reactions of the mineral
1. deammoniation:
(NH,),SO, = NH,+NH,HSO,
theoretical mass loss during the reaction: 12.9%
2. sulphate decomposition:
NH,HSO, = NH, + HO + SO,

0 ﬁ DTG Table T7.1.1. Reaction of mascagnite according to the literature
E 15.7%
| S, References Temperatare of reaction (“C)
Il s Cocco 1952 130 400 425 [ 455 590 790
R DTA {;SX’ETKOV, 350 410 7 SS_S i
ALYASINKIINA _— 1ss0cation
. B [aa—— 1955 deammoniation of sulphate

- 92.84%

Sample: artifical
Sample mass: 132.15 mg
] Heating rate: 10 °C/min

© Mass loss during the first reactions: 15.7%
I . .
100 e Mass loss during the second reaction: 77.1%
600 .
2 e o e Mascagnite content of the sample: 93%

Figure 7.1.1. Thermoanalytical curves of a Some impurities

mascagnite bearing sample

7.2. Water-bearing sulphates with mono cation

For the features of the water content of sulphates see in the chapter Crystal hydrates (constitutional water in water-bear-
ing carbonate, sulphate, phosphate and salt minerals)

7.2.1.Chalcanthite CuSO 4-5H20

Reactions of the mineral:
1. Between 100 and 200 °C: endothermic

CuSO,-5H,0 = CuSO,-H,0 +4H,0 (2+2 H,0 see Figure 40)
Stoichiometric factor of the first reaction: 3.46.
2. At about 250 °C: endothermic:

CuSO,-H,0 = CuSO, + H,0
Stoichiometric factor of the second reaction: 13.87.
Stoichiometric factor for the whole water content: 2.77.
s 3. Between 700 and 850 °C: endothermic (double peak):
loss of sulphate

CuSO, = CuO+ SO,

30% 23.84%

r23.0

Z G L. Stoichiometric factor of the third reaction: 3.12.
| 344 Sample: Recsk, Hungary
Sample mass: 85.6 mg
v e Heating rate: .10 OC/rni.n ‘
i Mass loss during the first reactions: 30.01%
Mass loss during the second reaction: 6.15%
. . ‘ . §74 Mass loss during the third reaction: 26.53%
0 00 W O 50 1000 Chalcanthite content of the sample based on the first
Figure 7.2.1. Thermogravimetric curves of chalcanthite reaction: 83%
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Chalcanthite content of the sample based on the second reaction: 85%

Chalcanthite content of the sample based on the whole water content: 83%

Chalcanthite content of the sample based on the third reaction: 83%

7.2.2. Melanterite FeSO 4-7H20

Reactions of the mineral:

1. Between 100 and 200 °C: endothermic:
FeSO,7H,0 = FeSO,-H,0 + 6H,0.

Stoichiometric factor of the first reaction: 2.57.

2. At about 300 °C: endothermic: loss of one part of monohydrate:
FeSO, H,O = FeSO,+ H,0.

3. Between 400 and 600 °C: exothermic (endothermic)

a) oxidation: 12FeSO, + 30, = 4Fe (SO,), + 2Fe O,.

b) oxidation and dehydration of the other part of monohydrate:
12FeSO,-H,0 + 30, = 12FeSO,0H + 6H,0,
12FeSO,0H = 4 Fe (SO,), + 2Fe O, + 6H,0.

4. Between 680 and 830 °C: endothermic: sulphate decomposition
Fe,(SO,), = Fe O, + 35S0,.

Stoichiometric factor of the forth reaction related to the mineral: 3.47.

Sample: Pdzmand, borehole Pd-2 156.9 m, Hungary (encrust on core)
Sample mass: 600 mg

Heating rate: 17 °C/min

Mass loss during the first reaction: 38.3%

Mass loss during the fourth reaction: 28.3%

Melanterite content of the sample based on the first reaction: 99%
Melanterite content of the sample based on the fourth reaction: 99%

7.2.3. Rozenite FeSO 4~4H20

Reactions of the mineral:

1. Between 100 and 200 °C: endothermic:
FeSO,-4H,0 = FeSO, H,0 + 3H,0.

Stoichiometric factor of the first reaction: 4.1.

2. At about 300 °C: endothermic: loss of one part of monohydrate:
FeSO, H,O = FeSO,+ H0.

3. Between 400 and 600 °C: exothermic (endothermic)

a) oxidation: 12FeSO, + 30, = 4Fe (S0O,), + 2Fe O,

b) oxidation and dehydration of the other part of monohydrate:
12FeSO,-H,0 +30, = 12FeSO,0OH + 6H.0,
12FeSO,0OH — 4Fe (SO,), + 2Fe,O, + 6H,0.

4. Between 680 and 830 °C: endothermic: desulphation
Fe (SO,), = Fe,O, + 350..

Stoichiometric factor of the forth reaction related to the mineral: 2.8.

Sample: Gyék, borehole Gy—8 235.0-235.8 m, Hungary

Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during the first reaction: 19.0%

Mass loss during the fourth reaction: 27.4%

Rozenite content of the sample based on the first reaction: 78%
Rozenite content of the sample based on the fourth reaction: 77%

dm/de
[mg/min]

0+
ATIC)

-0

=201

m| %] 0

10-

20

3

4

50

60 -

T0-

0 100 200 300 400 S00 600 700 HO0 9g0 100
.

Figure 7.2.2. Thermoanalytical curves of
melanterite

dmdt ) |
Img/min]

+30

1

0 100 200 300 400 500 600 700 800 900 10
°oC

Figure 7.2.3. Thermoanalytical curves of
rozenite
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7.2.4. Szomolnokite FeSO 4-HZO

Reactions of the mineral:

1. At about 300 °C: endothermic: loss of one part of monohy-
drate:

FeSO,-H,O = FeSO, + H,0.

2. Between 400 and 600 °C: exothermic (endothermic):

a) oxidation: 12FeSO, + 30, = 4Fe (SO,), + 2Fe O,,

b) oxidation and dehydration of the other part of the monohy-
drate:

12FeSO,-H,0+30, = 12FeSO,OH + 6H,0,
12FeSO,0H = 4 Fe(SO,), + 2Fe O, + 6H,0.

Balance of the mass change in the case of complete oxidation:
loss of one molecule water and intake of 0.25 O, (real water con-
| tent = 1.8 x measured mass loss).
| Stoichimetric factor based on the real water content: 9.4.

3. Between 680 and 830 °C: endothermic: sulphate decompo-
sition

Fe (SO,), = Fe 0, + 3S0,.

Stoichiometric factor of the third reaction related to the min-

eral: 2.13.

dm/dt 0
[mg/min]

+10

ATI[C] 0

-20

Sample: Pdzmand, borehole Pd-3 105.0-106.5 m, Hungary
Sample mass: 1000 mg

Heating rate: 17 °C/min

Mass loss during the first and second reactions: 0.9%
- Szomolnokite content based on the mass loss: 19%
10000000 S el 700 %00 100 Other thermally active minerals in the sample: quartz, kaolin-

Figure 7.2.4. Thermoanalytical curves of szomolnokite bearing ite, alunite, illite
sample

7.2.5. Alunogen AlL(SO,),-17H,0

Reactions of the mineral:

1. at about 150 °C: endothermic: loss of 13 moles water
2. at about 300 °C: endothermic: loss of 3.5 moles water
3. between 800 and 850 °C: sulphate decomposition
AL(SO,), = ALO, + 3S0,.

F16.3
44.92%

v . . 326
Sample: Cervenica, Slovakia -

Sample mass: 99.4 mg

Heating rate: 10 °C/min

Mass loss during the first reactions: 35.2%

Mass loss during the second reaction: 9.72%

Mass loss during the third reaction: 36.57%

Alunogen content of the sample based on the water con-
tent (calculated with 16.5 moles water): 97%

Alunogen content of the sample based on the third reac-
tion (calculated with 16.5 moles water): 97% Figure 7.2.5. Thermogravimetric curves of alunogen

%

- 48.9

133
: T " . . . . . - I81.4
0 200 400 oc 600 800 1000

7.2.6 Hexahydrite MgSO,:6H,0

Reactions of the mineral:

1. Between 100 and 250 °C: endothermic in several steps: loss of five moles of water
MgSO,-6H,0 = MgSO,-H,0 + 6H,0.

Stoichiometric factor of the reaction: 2.54.

2. At about 350 °C: endothermic: loss of the last mole of water
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MgSO,-H,0 = MgSO, + H,0.
Stoichiometric factor of the reaction: 12.7.
Stoichiometric factor of the whole water content: 2.11.
3. At about 1000°C: endothermic: sulphate decomposition:
MgSO, = MgO + SO,.

Sample: artifical

Sample mass: 100.9 mg

Heating rate: 10 °C/min

Mass loss during the first reactions: 39.13%

Mass loss during the second reaction: 8.18%
Proportion of the two steps: 4.78

Hexahydrite content of the sample based on the first

reaction: 99%

Hexahydrite content of the sample based on the second

reaction: 104%

Hexahydrite content of the sample based on the whole

water content: 99%

39.13%

184 ‘

8.18%

141

9.9

F19.7

7

29.6

-39.5

T T T T
0 200 400 oC 600 800

Figure 7.2.6. Thermogravimetric curves of hexahydrite

7.2.7. Gypsum CaSO,2H,0

Reaction of the mineral:
1. Between 150 and 250 °C: endothermic: dehydration in

two steps (overlapped):

a) CaSO,2H,0 = CaSO,-0.5H,0 + 1.5H,0,

b) CaSO,-0.5H,0 = CaSO, + 0.5H,0.
Stoichiometric factor of the whole water content: 4.78.
2. Decomposition of the mineral at about 1200 °C

Sample: soil sample from Hunyad, depth 60-80 cm,

Hungary

Sample mass: 77.8 mg

Heating rate: 10 °C/min

Mass loss during the first reactions: 10.14%

Mass loss during the second reaction: 3.48%

Gypsum content of the sample based on the whole water

content: 65%

Other thermally active minerals in the sample: calcite

49.4
1000

4.5

18.0

T T T . T . : .
200 400 600 800 10
°C

Figure 7.2.7. Thermogravimetric curves of a gypsum bearing samp.

7.3. Water-bearing sulphates with several different cations

7.3.1. Romerite Fe**Fe* (SO,),-14H,0

Reactions of the mineral:

1. Endothermic dehydration in four main steps
Fe*Fe™ (SO,),-14H,0 = Fe*Fe* (SO,), + 14H,0.

Stoichiometric factor based on the water content: 3.19.

2. Exothermic oxidation between 410 and 620 °C:
12FeSO, + 30, = 4Fe (SO,), + 2Fe O, and may be
4FeSO, + O, = 4 SO, + 2Fe O,

3. Between 620-770 °C: decomposition of Fe,(SO,),
Fe (SO,), = Fe,0,+ SO..

Stoichiometric factor based on the decomposition: 2.51.

Sample: Nagyborzsony, Hungary

Sample mass: 100.8 mg
Heating rate: 10 °C/min

22.5
00

le

36.86%

TG

F13.3

r26.7

- %

-40.0

0 ‘ 200 ' 400 ‘ 600 ' 800
o¢
Figure 7.3.1. Thermoanalytical curves of romerite

66.7

1000
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Water content of the sample: 29.48%
Mass loss during decomposition: 36.86%
Romerite content of the sample based on the water content: 94%

Romerite content of the sample based on the sulphate decomposition: 93%

7.3.2. Voltaite K Fe** Fe* AI(SO,) +18(H,0)

13.72%

36%

T
200

T
400

°C

T
600

675

T
800

Figure 7.3.2. Thermogravimetric curves of voltaite

Water content of the sample: 13.72%
Mass loss during decomposition: 36.36%
Voltaite content of the sample based on the water content: 86%

Voltaite content of the sample based on the sulphate decomposition: 84%

7.3.3. Halotrichite Fe**Al(SO,),22(H,0)

0

10.5

F21.1

316

F42.2

52.8

1000

109

147

230

321

441

DTG

DTA

88%

TG

0

F13.3
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F39.9

F53.2
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Figure 7.3.3. Thermoanalytical curves of halotrichite

.5
1000

Theoretical reaction of the mineral:

1. 300-350 °C: endothermic: dehydration

Stoichiometric factor of the water content: 6.26.

2. probably oxidation of the FeSO, component

3. 650-750 °C: decomposition of the Fe,(SO,), compo-
nent (originally 3 moles SO,)

4. 650-750 °C: decomposition of the FeSO, component
(originally 5 moles SO,)

5.750-850 °C: decomposition of the Al (SO,), compo-
nent (3 moles SO,)

6. higher than 1000 °C: decomposition of the K SO,
component (1 mole SO,)

Stoichiometric factor of 17 moles SO: 2.3.

Sample: Smolnik, Slovakia
Sample mass: 24.5 mg
Heating rate: 10 °C/min

Theoretical reactions of the mineral:

1. Between 50 and 350 °C: endothermic: dehydration
in several steps

Stoichiometric factor based on the water content: 2.25

2. At about 450 °C: exothermic: oxidation

3. Between 630 and 780 °C: endothermic: decomposi-
tion of iron sulphate (1 mole)

4. Between 800 and 820 °C: endothermic: decomposi-
tion of Al(SO,), (3 moles)

Stoichiometric factor based on the SO, content: 2.78.

Sample: unknown

Sample mass: 169.7 mg

Heating rate: 10 °C/min

Water content of the sample: 35.14%
Mass loss during decomposition: 29.88%

Halotrichite content of the sample based on the water content: 79%
Halotrichite content of the sample based on the sulfate decomposition: 83%

Reactions of the mineral:

7.3.4. Potassium-alum KAI(SO,)-12H,0

1. Between 50 and 350 °C: endothermic: dehydration in several steps
KAI(SO,),-12H,0 = KAI(SO,),+ 12H,0.
Stoichiometric factor based on the water content: 2.2.
2. Solid phase decomposition
KAI(SO,), = K, SO, + AL(SO4)..
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3. Between 750 and 950 °C decomposition of AL (SO,),
(3 moles of SO,)
AlL(SO), = AL O, +3S0,.
Stoichiometric factor of the reaction: 3.95.
4. At about 1100 °C: endothermic: decomposition of
K SO..

2 4

Sample: unknown

Sample mass: 174.0 mg

Heating rate: 10 °C/min

Water content of the sample: 45.17%

Mass loss during the Al (SO,), decomposition: 24.08%

Potassium-alum content of the sample based on the
water content: 99%

Potassium-alum content of the sample based on the
sulphate decomposition: 95%

7.3.5 Tschermigite (NH,)AI(SO,) -12H,0

Reactions of the mineral:

45,

|
|
|
‘ 812
|
|
|

24.08%|

[ 13.9

277

%

- 41.6

T
200

T
400

T T
600 800

°C

Figure 7.3.4. Thermogravimetric curves of potassium-alum

1. Beetwen 50 and 400 °C: endothermic: dehydration in several steps

(NH,)AI(SO,),-12H,0 = (NH))AI(SO,), + 12H,0.
Stoichiometric factor based on the water content: 2.1.

2. Between 500 and 600 °C: decomposition of (NH,), (SO,)

2(NH,)AI(SO,), = A1(SO,),+ 2 NH, + H,0 + SO, (0.5 mole SO,).

Stoichiometric factor based on the water content: 6.86

3. Between 750 and 950 °C: decomposition of Al, (SO,), (1.5 moles of SO,)

AlL(SO), = AL O, +3S0,.
Stoichiometric factor of the reaction: 3.77.

Sample: Komld, Hungary

Sample mass: 141.8 mg

Heating rate: 10 °C/min

Water content of the sample: 46.13%

Mass loss during the (NH,)SO, decomposition:
13.61%

Mass loss during the Al (SO,), decomposition:
24.85%

Tschermigite content of the sample based on the water
content: 97%

Tschermigite content of the sample based on
(NH,),SO, decomposition: 93%

Tschermigite content of the sample based on the sul-
phate decomposition: 94%

69.3
1000

46.13%

130
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Figure 7.3.5. Thermogravimetric curves of tschermigite

7.4. Waterfree sulphates with additional anions

7.4.1. Alunite KA1(SO,) (OH),

Reaction of the mineral:

1. Between 500 and 600 °C: endothermic: dehydroxylation

2KAL(SO,),(OH), = K SO -AI(SO,), + 2ALO, + 6H,0.

Stoichiometric factor of the reaction: 7.67.
2. Between 700 and 790 °C: exothermic:
K,SO,-AI(SO,), = K, SO, + AL(SO))..

3. Between 770 and 900 °C: endothermic: decomposition of Al(SO,),

AL(SO,), = ALO, +3S0..

84.9
1000
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Figure 7.4.1. Thermoanalytical curves of alunite
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Figure 7.4.2. Thermoanalytical curves of a jarosite bearing sample

Stoichiometric factor of the reaction: 3.45.

4. At about 1100 °C: endothermic: decomposition of
K,SO, (this reaction in the presence of silica starts at lower
temperature)

Sample: Sarszentmiklés, Hungary

Sample mass: 239.4 mg

Heating rate: 10 °C/min

Mass loss during dehydroxylation: 13.19%

Mass loss during the decomposition (3 moles of SO,):
>24.63%

Alunite content of the sample based on the first reac-
tion: 100%

Alunite content of the sample based on the sulphate
decomposition: >85%

7.4.2. Jarosite KFe (SO,),(OH),

Reactions of the mineral:
1. Between 350 and 500 °C: endothermic: dehydroxylation
2KFe (S0,),(OH), = K,SO, Fe(SO,), + 2Fe O, + 6H,0.
Stoichiometric factor of the reaction: 9.28.
2. At about 500 °C: exothermic:
K.,SO,Fe(SO,), = K.SO,+ Fe,(SO,)..
3. Between 650and 750 °C: endothermic: decomposi-
tion of Fe,(SO,),
Fe(SO,), = Fe,O, + 350..
Stoichiometric factor of the reaction: 4.18.
4. At about 1100 °C: endothermic: decomposition of K,SO,.

Sample: Kazar, Hungary

Sample mass: 199.7 mg

Heating rate: 10 °C/min

Other thermally active minerals in the sample: goethite,
kaolinite

7.5. Water-bearing sulphates with additional anions

riz.3

39.34%

r24.5

Lo

r36.8

-49.1
.74%

T T T T 1.3
0 200 400 oC 600 800 1000

Figure 7.5.1. Thermoanalytical curves of an aluminite bearing sample
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7.5.1. Aluminite AL(SO )(OH) -7H,0

Reactions of the mineral:

1. Between 30 and 660 °C: endothermic: divided into
two parts

a) loss of 4 molecules of free crystal water

b) loss of 3 molecules of ligand water coordinated to
the Al atoms and dehydroxylation

Stoichiometric factor of the reaction for 7+2 moles of
H,0: 2.12.

2. At about 850 °C: exothermic (overlapped by simul-
taneous endothermic): structural decomposition to Al O,
and A1 (SO,),

3. Between 770 and 950 °C: endothermic (generally in
two steps): sulphate decomposition

AL(SO,), = ALO, + 3S0.,.

Stoichiometric factor of the reaction: 4.3.



Sample: Csordakuit, borehole 421 39.1-39.6 m, Hungary

Sample mass: 128.8 mg

Heating rate: 10 °C/min

Mass loss during dehydration and dehydroxylation: 39.34%

Mass loss during the AL(SO,), decomposition: 18.74%

Aluminite content of the sample based on the whole water escape: 83%
Aluminite content of the sample based on the sulphate decomposition: 81%
Other thermally active mineral in the sample: boehmite

7.5.2 Fibroferrite Fe**(SO,)(OH)-5SH,O

Reactions of the mineral:

1. At 170 °C: endothermic dehydration:
Fe**(SO,)(OH)-5H,0 = Fe**(SO,)(OH)-2H,0 + 3H,0.

2. At 230 °C: endothermic dehydration:
Fe**(S0O,)(OH)-2H,0 —* Fe**(SO,)(OH)+ 2H.,0.

3. At 530 °C: endothermic dehydroxylation:
6Fe**(SO,)(OH) = 2Fe (SO,),+ Fe,0O, + 3H,0.

4. At 750 ° C: endothermic sulphate decomposition:
Fe (SO,), = Fe,O, + 350..

7.5.3. Copiapite (Fe**, Mg)(Fe*,Al) (SO,) (OH),-20H,0

Reactions of the mineral:
1. Beetwen 50 and 400 °C: endothermic dehydration in several steps:
Fe*Fe** (SO,),(OH),-20H,0 = Fe**Fe* (SO,) (OH), + 20H,0.
2. At about 400 °C: oxidation,
3. At about 540 °C: dehydroxylation.
Stoichiometric factor of the whole water escape: 3.3.
4. Between 740 and 780 °C: decomposition of iron sulphate.
5. Between 800 and 900 °C: decomposition of alumin-
im sulphate substitution.
6. At higher than 950 °C: decomposition of magnesium
sulphate substitution. 20977
Stoichiometric factor of the whole SO, escape: 2.6.

r13.8

-27.6

Sample: Rudabdnya, Hungary

Sample mass: 99.2 mg

Heating rate: 10 °C/min

Mass loss during dehydration and dehydroxylation:
29.97%

Mass loss during sulphate decomposition: 38.3%

Copiapite content of the sample based on the whole

%

414

\ 55.2

water escape: 99% ‘ . ‘ TN 5355% =~ 609
Copiapite content of the sample based on the sulfate 0 200 v 800 1000°
decomposition: 100% Figure 7.5.3 Thermoanalytical curves of copiapite
ke

References for sulphates: 16: ammonioalunite, 22: aluminium sulfate, aluminium potassium sulfate, aluminium ammo-
nium sulfate and alunite 34: alunogen, copiapite, fibroferrite, slavikite 64: bassanite, metabasaluminite 63: aluminite,
73:alunite, 74: alunogen, 86, 136: rozenite, melanterite 135: pickeringite, 166, 181: hydrobasaluminite, basaluminite, 182:
215: konyaite, 225: fibroferrite, 277: chalcanthite, 282: tschermigite, 283: magnesium sulphate hydrates 292: rémerite, 293:
aluminite, 378: jarosites, 381: alunites, 382: hydroniumjarosite, 384: ammoniojarosite, 379: argentojarosite, 380: plumbo-
jarosite, 395: aluminite, 440: epsomite, 454: epsomite-kieserite, 455: schoenite, leonite, 456: epsomite, morenosite, goslar-
ite, 457: kieserite, leonite, 458: astrachanite=bloedite, loweite, 459: kieserite, 460: polyhalite, kieserite, 461: kieserite, 462:
gypsum, 463: epsomite, 467: anhydrite, gypsum, bassanite, glauberite, polyhalite, syngenite, glaserite, mirabilite,
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thenardite, epsomite, kieserite, astrachanite (bloedite), loweite, vanthoffite, schoenite (picromerite), leonite, langbeinite,
510: alunite, jarosite, 513: barite, celestine, anhydrite, gypsum, K,SO,, thenardite, mirabilite, glauberite, polyhalite, astra-
chanite (bloedite), epsomite, alunogen, aluminite, melanterite, coquimbite, fibroferrite, pickeringite, halotrichite, romerite,
botryogen, copiapite, goslarite, NiSO 4-6H20 (retgersite), CoSO ,4H,0 (cobaltkieserite), ZnSO 4-16H20, alunite, loewigite,
jarosite, plumbojarosite, bieberite, linarite, chalcanthite, brochantite, cyanotrichite, 551: jarosites, 552: alunite, 553:
celestite, gypsum, alunite, 563: alunite, jarosite, 633: alunite, jarosite, plumbojarosite, argentojarosite, 661: astrachanite
(bloedite), gypsum, glaserite, glauberite, epsomite, kainite, langbeinite, loeweite, leonite, mirabilite, polyhalite, syngenite,
schoenite, thenardite, vanthoffite, 694: gypsum, 702: alunogen, 730: arcanite, thenardite, anglesite, bloedite, polyhalite, alu-
nite, jarosite, 759: alunite, chalcanthite, 806: plumbojarosite, 847: epsomite, 856: alunite, 872: gypsum, 873: alunite, 891:
basic aluminium ammonium sulphate, 977: metasideronatrite, 1014: bassanite, 1017: jarosite 1033: hydrated iron sulphate,
1051: romerite, starkeyite, 1069: hydroniumjarosite, 1077: hydrobasaluminite and basaluminite, 1081: thenardite, mirabilite,
arcanite, glaserite, gypsum, bassanite, anhydrite, epsomite, hexahydrite, kieserite, langbeinite, schoenite, leonite, polyhalite,
astrachanite (bloedite), glauberite, chalcanthite, melanterite, mallardite, morenosite, goslarite etc., 1089: fibroferrite,
melanterite 1090: barite, celestine, anglesite, anhydrite, gypsum, mascagnite, thenardite, mirabilite, glauberite, astrachanite
(bloedite), polyhalite, melanterite, pisanite, szomolnokite, epsomite, bieberite, morenosite, goslarite, MnSO 4~5HZO
(jokukoite), chalcanthite, alunite, loewigite, natroalunite, jarosite, natrojarosite, plumbojarosite, argentojarosite, ammonio-
jarosite, tschermigite, fibroferrite, aluminite, alunogen, romerite, halotrichite, 1169: ammonium and potassium alums, 1190:
sideronatrite, melanterite

8. PHOSPHATES, ARSENATES, VANADATES

The existing structure of the phosphates persisted up to and above 1000 °C. In the course of the thermal analysis of phos-
phates processes of dehydration, dehydroxylation, dissociation of additional anions, oxidation, melting and inversion from
one modification into another take place.

8.1. Hydrated phosphates
8.1.1. Vivianite Fe** (PO,),-8H,0

0

Reactions of the mineral:
1. Between 250 and 300 °C: endothermic: escape of

N o~ Wy
DTG

I L 4o crystal water (according to the literature sometimes in sev-
| | eral steps)

| Stoichiometric factor of the reaction: 3.48.

| 2. Above about 500 °C: oxidation

|

9.8

24.3%
660

Sample: Egyhdzaskesz8, Hungary

7 Sample mass: 13.8 mg

| DTA Heating rate: 10 °C/min
7 | F19.6 Mass loss during dehydration: 24.3%
T | Vivianite content of the sample based on the water
| 16 escape: 85%
0 T 20 a0 7.,' 600 ‘ 800 ' 1000 +°

C
Figure 8.1.1. Thermoanalytical curves of vivianite

8.2. Anhydrous phosphates containing hydroxyl
8.2.1. Lazulite (Mg,Fe)AL(PO,) (OH),

Reactions of the mineral:

1. Between 700 and 800 °C: endothermic: dehydroxylation
Stoichiometric factor of the reaction: 16.8—18.5.

2. At about 900 °C: exothermic: crystallization of AIPO, phase
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Sample: unknown DTG
Sample mass: 900 mg ;Tg//ml
Heating rate: 17 °C/min

Mass loss during dehydroxylation: 5.0%

Lazulite content of the sample based on the OH content: =90%

+10

|

N
ATPC
\ -10

-20

=304

m[%] 0

T TG

100 200 300 400 500 600 700 800 900 100
oC

Figure 8.2.1. Thermoanalytical curves of lazulite

8.2.2. Gorceixite BaAl,(PO,)(PO,OH)(OH),

nTC
Reactions of the mineral: M(Lt | [
1. at about 420 °C: endothermic dehydroxylation (Al-OH?), [mg/min| B !
2. at about 520 °C: endothermic dehydroxylation [Ba(Ca, Sr)- T | \-P_T:‘
OH?], A ~
3. at 835 °C: endothermic decomposition of sulphate substitution ATICI—] ‘H\,__,/‘l/\j / |
as unfamiliar anion, J. ! |
4. at 860 °C: exothermic crystallization of AIPO, phase. i : |
Sample: Borehole Szuhogy—6, Rudabanya Mts, Hungary 4 | |
Sample mass: 900 mg . ] | |
Heating rate: 10 °C/min o -
Mass loss during dehydroxylation: 7.4% " 124 7|\
Gorceixite content of the sample based on the OH content: =60% | \ 7.4%
Other thermally active minerals in the sample: kaolinite, pyrite, 16 g 0.67%
calcite trace N T 216G
20 T T 1 T T T T T T
200 400 600 800 1000

Figure 8.2.2. Thermoanalytical curves of gorceixite

8.3. Water-bearing phosphates with additional anions
8.3.1. Diadochite Fe* (PO )(SO,)(OH)-6H,0

Reactions of the mineral:
1. Between 60 and 350 °C: endothermic: dehydration and probably dehydroxylation.
Stoichiometric factor of the reaction: 4.14.
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2. At about 600 °C: exothermic: crystallisation of
PIG FePO, phase

Ls.o 3. Between 700 and 750 °C: endothermic: sulphate
decomposition.

22.43% |
| | Stoichiometric factor of the reaction: 6.04.

743

r17.7

oA | w Sample: Recsk, Sima Hill, Hungary
g2 T2 Sample mass: 101.2 mg

212 o _ 2o Heating rate: 10 °C/min
i Mass loss during the first reactions: 22.43%

1s3sv  [354 Mass loss during the third reaction: 15.35

| Diadochite content of the sample based on the first
16 reactions: 93%

0 200 400 600 800 000 Diadochite content of the sample based on the third

N reaction: 93%

163 |

Figure 8.3.1. Thermoanalytical curves of diadochite

8.4. Hydrated arsenates
8.4.1. Karikite Fe**AsO,3.5H,0

0

Reactions of the mineral:
PTO 1. At 120-190 °C and 240-290 °C: endothermic: dehy-
Ls0 dration
e Stoichiometric factor of the water content: 4.09.
s s 2. At about 600 °C: exothermic: recrystallization of the
’ waterfree phase?
e 3. In the higher temperature range: a slow decrease in
L1514 weight loss caused by volatilization of As in varying
amount.
DTA | 2.4 Sample: Nagyborzsony, Borzsony Mts, Hungary
Sample mass: 81.7 mg
16 ) Heating rate: 10 °C/min
T T T 1000 Mass loss during dehydration: 22.63%
Figure 8.4.1. Thermoanalytical cuArves of karkite i Kggl;/ite content of the sample based on the dehydra-
ion: 93%

sksksk

References for phospathes, arsenates, vanadates: 4: sanjuanite, 27: variscite, metavariscite, strengite, barrandite, wavellite,
taranakite, 84: brushite, struvite, 92: gorceixite arrojadite, brasilianite, hurlbutite, lazulite, lithiophyllite, metastrengite, morae-
site, plumbogummite, scorzalite, svanbergite, vivianite, 98: crandallite, 99: crandallite, 110: destinezite, 128: crandallite, 162:
karikite, 163: zykaite, 167: mounanaite, 191: crandallite, 236: brushite, 267: anapaite, 273: kingite, 306: florencite, 312: brushite,
hydroxylapatite, taranakite 322: vivianite, 334: diadochite, destinezite, 374: peisleyite, 375: metazeunerite, 376: struvite, 371:
vivianite, 372: erythrite, annabergite, hornesite, 383: kintoreite, 439: kemmlitzite, 446: schroderite, 465: newberyte, 467:
brushite, newberyite, struvite, 506: bermanite, 513: berlinite, monetite, elite (pseudomalachite), libethenite, birliza (turquoise),
lazulite, monacite, rabdophane, amblygonite, montebrasite, augelite, crandallite, gorceixite, woodhouseite, svanbergite, carbon-
ate-apatite (dahlite), destinesite, abucumalite (britholite), variscite, vivianite, wavellite, cefarovicite, collinsite, evansite, luneb-
urgite, kershenite (whitmoreite?), oxikersheinite, sampleite, arsenates: erythrite, annabergite, olivenite, scorodite, tyrolite,
roselite, belovite, picropharmacolite, adamite, mimetesite (mimetite), 522: diadochite, 553: lithiophyllite, triphyllite, wavellite,
dufrenite, wagnerite, 574: vivianite, 616: gorceixite, 664: glaudiusite, 705: zepharovichite, wavellite, turquoise, variscite, boli-
varite, lazulite, berlinite, amblygonite, vivianite, bobierrite, wardite, augelite, evansite, 715: vivianite, 730: wavellite, vivianite,
791: gorceixite, hinsdalite, 792: phosphorite, 793: kingite, 797: bukovskyite, 800: vashegyite, 801: vajdakite, 802: parascorodite,
883: gorceixite, 895: kaatialaite, 906: mansfieldite, 910: vivianite, metavivianite, baracite, ludlamite, vivianite/metavivianite
admixtures 981: augelite, strengite, 1006: vivianite, annabergite, erythrite, struvite, haidingerite, amblygonite 1015: phosphates:
bermanite, taranakite, torbernite, struvite, vivianite, autunite, paravauxite, sigolite, stewartite, strunzite, wavellite, kingite, new-
beryte, metatorbernite, phosphorite, anapaite, brushite, amblygonite, turquoise, augelite, metastrengite, variscite, strengite, arse-
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nates: annabergite, erythrite, hornesite, tyrolite, lavendulaite, haidingerite, skorodite, adamite, olivenite, vanadates: steigerite,
rusakovite, 1050: diadochite, 1052: kankite, 1054: gorceixite, 1070: calderonite, 1078: vivianite, 1081: wavellite, vivianite,
ambligonite, apatite, augelite, autunite, berlinite, bosphorite (santabarbaraite), bobierrite, evansite, 1083: apatites, 1086:
scorodite, 1109: bassetite, 1117: bolivarite, 1191: variscite

9. BORATES

Thermal decomposition of borates is a complex mechanism. After BERG (1970) typical reactions of borates are dehy-
dration, polymorphic transition, melting and solid phase transformation. The author has never investigated borate minerals
so far, therefore here only some references are given.

References for borates: 24: ameghinite, 25: macallisterite, 26: teruggite, 86: boracite, calcium monoborate, calcium tribo-
rate, colemanite, hydroboracite, inderite, inyoite, kaliborite, magnesium triborate, magnesium triborate, pandermite, pinnoite,
szajbelyite, ulexite, 89: tuzlaite, 289: iquiqueite, 444: borax, 453: ascharite, 476: boracite, 504: rivadavite, 505: ezcurrite, 661:
hydroboracite, 730: sassolite, borax, colemanite, 1006: borax, kernite, colemanite, ulexite, 1028: colemanite, 1112: colemanite

10. HALIDES

Thermal analysis is not a usual method for detecting natural halogenides. In the thermal curves first of all inversion and
melting can be observed. Water bearing salts show also complex dehydration, and HCI evolving reactions (for example
bischofite, carnallite, tachyhydrite).

10.1. Halite NaCl

The reaction of the mineral: at 800 °C: endothermic: melting, then

DTG .

dmide o | L evaporation.

[img/min]
Sample mass (Figure 10.1a): 1000 mg

_— Heating rate: 10 °C/min

ATl DA Melting temperatures are markedly dependent on the presence of
impurities.
10

Sample (Figure 10.1b): Recsk, Hungary

Sample mass: 119.1mg

Heating rate: 10 °C/min

Other thermally active mineral in the sample: epsomite

-30- The common occurrence of sylvine and halite also shifts the tem-
perature of their melting to a lower value.

-20

-40-{

8.4

- 16.7

TG Ll

r25.1

6

T T T T T T 41
o 1150 260 360 460 560 6(|10 760 860 ‘)ll)(l 0 200 400 o0 600 RO 1000
oC

Figure 10.1a. Thermoanalytical ﬁurves of halite Figure 10.1b. Thermoanalytical curves of an admixture of epsomite and

halite
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10.2. Bischofite MgCl,-6H,O

Reactions of the mineral:
1. At about 140 °C: endothemic: dehydration:
MgCl,-6H O —* M¢Cl-2H O + 2H,0 + 2H,0.
2. MgCl1,2H,0 = MgCl-H O + H,0.
3. Between 250 and 350 °C:
MgCl-H,O = MgOHCI + HCl.
4. At about 700 °C: melting.

sesksk

References for halides: 279: carnallite, 280: carnallite, 281: carnallite, bischofite, 469: halite, sylvite, 470: bischofite,
473: bischofite, 513: cryolite, halite, sylvite, bischofite, atacamite, 518: fluorite, 553: cryolite, fluorite, 589: iowaite, 647:
carnallite, halite sylvite, 648: halite, sylvite, 661: bischofite, carnallite, kainite, 730: cryolite, carnallite, atacamite, parata-
camite, 869: bischofite, 1081: halite, sylvite, bischofite, carnallite, tachyhydrite, kainite

11. ORGANIC MINERALS
11.1. Whewellite Ca(C,0,)-H,O (calcium oxalate monohydrate)

Reactions of the mineral:
1. At 220-230 °C: endothermic: dehydration of crystal water:
CaC,0,H,0 = CaC,0, + HO.
Stoichiometric factor of the reaction: 8.11.
2. At about 500 °C: combination of endothermic and exothermic: elimination and burning of CO
CaC,0, = CaCO,+ CO,
2CO+ 0, = CO,.
0 Stoichiometric factor of the reaction: 5.22.
3. At about 900 °C: endothermic:
CaCO, = CaO + CO,.
Stoichiometric factor of the reaction: 3.31.

F12.2

Sample mass: 100.0 mg
Heating rate: 10 °C/min
Mass loss during the first reaction: 12.2%
367 Mass loss during the second reaction: 18.96%
| Mass loss during the third reaction: 29.93%

- 2993% | o Whewellite content of the sample based on the first

' reaction: 99%
Whewellite content of the sample based on the sec-
TG .
0 200 400 600 800 000 ond reaction: 99%

< Whewellite content of the sample based on the third

reaction: 99%

DTA

Figure 11.1. Thermoanalytical curves of whewellite

11.2. Humboldtine (oxalite) Fe**(C,0,)-2H,0

Reactions of the mineral:

1. Between 100 and 200 °C: endothermic: dehydration:
FeC,0,2H,0 = FeC O, + 2H 0.

Stoichiometric factor of the reaction: 5.

2. Between 300 and 400 °C: elimination of CO or CO,:
FeC,0, = FeO + CO + CO,,

or
FeC,0, = FeCO, + CO

and
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FeCO, = FeO + CO,,
2FeO+ O, = Fe O..
Stoichiometric factor of the second reaction: 2.81.
Stoichiometric factor of the second reaction in inert
atmosphere (without the last reaction of oxidation): 2.5.

10.0

20.0
Sample: Csordakut, Hungary
Sample mass: 5.8 mg
Heating rate: 10 °C/min
Mass loss during the first reaction: 17.41%
Mass loss during the second reaction: 31.38%
Humboldtine content of the sample based on the first
reaction: 87% ‘ | . . ‘ . . ‘ 0o
Humboldtine content of the sample based on the second 0 200 00 oo 600 800 1000
reaction: 88% Figure 11.2. Thermoanalytical curves of humboldtine

.38%

399

shsksk

References for organic minerals: 33: lindbergite, 85: whewellite, 216: oxalates, 264: whewellite, caoxite, 373: moolooite,
358: weddelite, 359: humboldtine, 360: whewellite, 361: oxammite, 388: calciumoxalathydraten, 546: calcium oxalate, 580:
weddelite, 1143: mellite, 1157: whewellite, weddelite

12. ORGANIC MATERIALS

Application of thermogravimetry gives various possibilities for the
investigation of the natural organic matter, coal, oil shale, etc. The
aspects of investigation may include the detection or quantitative deter-
mination of the organic matter content, the characterisation of the rank

of coal or dispersed organic matter. Thermal reactions of organic mate- "™
rial are generally complicated. The organic matter forms a continuous
series according to the increasing degree of coalification. o
2 04
12.1. Determination
of the coalification of organic .
matter content of the sample L
The burning of organic material causes a strong exothermic reac- 507
tion frequently in a broad temperature range. There is a correlation
between the temperature of exothermal effects during the combus-
tion of the organic matter and the grade of coalification. o

The area under the exothermic peak of oxidation is proportional
to the heat of combustion and may be calibrated for example with the
similar reaction of saccharose (C,,H,,0 ), which produces 16.51 kJ/g I 7
heat during the burning.

12.2. Proximate (immediate) 5 0
analysis of coal

9

T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
°C

As the degree of coalification (rapk) increases, the carbqn con- Figure 12.1. DTA curves of 20 mg coal sample diluted by 980
tent increases and the amount of volatile decreases. These variations g ALO,

in thermal behaviour in accordance with a reduction in undersaturat- 1 — brown coal, Tertiary, 2 — brown coal Jurassic, 3 — flame coal,
ed bonds and functionalized groups, and an increase in the propor- ~ Fermian 4 — gas coal Carboniferous, 5 — fat coal Carboniferous, 6 —
. . coke coal, Jurassic, 7 — lean coal, Permian, 8 — semi-anthracite,
tion of aromatized groups. Permian, 9 — anthracite, Carboniferous

135



Table T12.2. Characterisation of coal by thermogravimetric analysis

Measurable
paramelers fom Lhe
TG curve

Condilion ol the
measyIement

Result

Toss on ignition

Moisture inN, orin 0,

Volaule in N,

T.oss on ignilion m N, Mosture + volatile maller
m 0, Muisture + combusiible

material

Caleulated values
. combustible material-
l'ixed carbon .
volatile
Ash 100 - loss on ignition in (),
Coke fixed carbon | ash

Characteristic values lor (

he rank ol coals

Volatile content

and
determinaied by
litration

AY
valarile .
of ash and ) ~ Lo
3 \ combustible material )
moisture free
symple
C0, content
formed during
burning of the
. combustible C - COx
C,, content IR s ’
g malerial (m 0,) 367

m[%]

%

100

volatile

N

moisture

loss
igni

in nitrogen

on
ition

0

"500°
oC

1000

02
04 J— ]
moisture : \
T loss on
ignition
] in oxlygen
combustible
50 material
| fixedcarbon
coke
ash
100 +—————— ‘
0 500 1000

°C

Figure 12.2. Characterisation of coal by thermogravimetric analysis

For the characterisation of a coal sample a proximate analysis can be carried out by the combination of thermogravimet-
ric curves measured in inert and oxygen atmosphere (determination of moisture, volatile matter, fixed carbon (by difference)
and ash). (Table T12.2 and Figure12.2).

sesksk

References for organic materials: 18, 55, 91, 100, 160, 257, 258, 261, 276, 320, 404, 513, 581, 602, 606, 714, 828, 902,
903, 958, 1113, 1125, 1128, 1130, 1132, 1133, 1134, 1135, 1146, 1147, 1148, 1149, 1150

Acid volcanic glass is a frequently investigated rock
type. The possible investigated features are water content
and forms of water bonding. The typical thermoanalyti-
cal curves show a broad endothermic water escaping

reaction (see Figure 13.1).

13. INVESTIGATION OF ROCKS

13.1. Perlite

Sample (Figure 13.1): Pdlhdza, Hungary
Sample mass: 98.9 mg

Heating rate: 10 °C/min
Water content of the sample: 3.17%

PERLAKI, SZOOR (1973) could distinguish two major
genetic types of perlites: 1. green perlites, richer in
water content (>6%) and 2. grey (black) perlites, less
rich in water (<6%). IVANOVA et al. (1974) based on the
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Figure 13.1. Thermogravimetric curves of perlite



water content versus the proportion of water content H,0<480 °C / H,0>480 °C subdivided perlites into three

groups.

References: 466, 507, 549, 658, 781, 863

13.2. Phase analysis

Thermogravimetric analysis is an important tool for qualitative or quantitative determination of the mineral component
of rocks and soils.
As an example, bauxite is a typical rock suitable for phase analysis by thermogravimetry.

Sample: Sz6c, Hungary
Sample mass: 201.4 mg
Heating rate: 10 °C/min

Table T13.2a. contents the calculation methods of the different minerals shown on the thermoanalytical curves (Figure

13.2). These results are compared with the results of other analytical methods in Table T13.2b.

Table T13.2a. Evaluation by the measured data

Peak Murss Stoichiometric Quantity of
temperature | Ldentification ]nwlh'.l’) factor of the the phase
() = e phage (%)
%3 ad s:frphve 1.83
waler

322 pibbsite 9.31 2.89 27

) alumo- i ]
384 socthite 0.6 2.9 [
461 diaspore 1.62 6.66 1
534 bochmiie 2.2 6.66 15
549 kaolinite 1.63 717 12

calcite or

678 sulphate ? 0.83

Table T13.2b. Comparison the results of different investigations

3.7

7.4

%

111

r14.8

0

T
200

T
400

T
600

Figure 13.2. Quantitative evaulation of a bauxite sample

Mineral XRD | TG % | S0, | Ti0, | ALQ, | Te,, | TeO | Ca) | MzO | NuO | KO | HO 0, 50, Total

Quartz 2( 2 2.00

Kaolhnile 14 [12]12]559 4,74 1.68 12.00
Caleile 2712 I.12 .88 2.00

Goethite 7 6|6 .39 0.61 6.00

Hemalile 18 20 20 20,00
(3ibbsite 312727 17.65 9.35 27.00
Rochmile 15 | 14]14 11.9 2.1 14.00
Dhaspore 13 |11 935 1.65 11.00
Anatase 1 2 2 2.0

Rulile 1 1 1 1.00

Water adsorption 1.43 97.00
Total 0197759 3.00 | 43.63] 2539 [ 0.00 [ 1.12]0.00 | 0.00 [0.00 ] 17.22] 0.88 | 0.00 | 98.83
Chemical analysis 8.26 0 3.2 | 421 | 25.7 (08 ] 1.2 (054 | 0.26 [ 0.03 | 18.1 | 0.02 | Le6 | 100.25
Deviation 0671020 -1.53 | 0.31 [0.18 ] 0.08 | 0.54 ] 0.26 | 0.03 | 0.88 | -0.86 | 0.66

From TG curve 17.44 | 0.837 | 0.83?

References: 327, 338, 335, 560, 650, 759, 825, 830, 831, 839, 991
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14. SPECIAL GEOLOGICAL APPLICATIONS

A large number of publications in many fields of geology apply thermal methods for solving specific geoscientific prob-
lems. Traditionally, the major areas of application of thermal methods of analysis to minerals are: Assessment of raw mate-
rial deposits, detailed characterization, classification and analysis. A relatively recent application of thermal techniques is
in environmental studies. Thermochimica Acta 195 (1997) 1-183. is a complete issue of TA with papers from a symposium
on environmental topics.

The references below give some examples.

1. There is a close analogy between dehydration (dehydroxylation) and loss of argon curves obtained by heating of
muscovite. Structure disintegration, which may be seen from the thermogravimetric curve, introduces to the uncertainty in
K/Ar age determination.

Reference: 119

2. A relatively recent application of thermal techniques is in environmental studies.
A review is presented of the applications of thermoanalytical techniques to problems encountered in the measurement
and control of air pollution.

Reference: 726

3. Investigations have shown that taxonomical difference or genus (and possibly species) within the same biotop can
be determined by derivatographic measurement of the total organic content and the bonding of organic material of shell.
The fossilization coefficient determined from the thermogravimetric method is in close correlation with the time of burial
of tooth and bones of vertebrata. Using this statement there is a possibility for age determination.

References: 519, 1055, 1056, 1057, 1058, 1060, 1061, 1062, 1063

4. The inversion temperature of quartz as a petrologic tool. The inversion temperature of quartz crystals from
igneous rocks is higher than those from sedimentary rocks formed by processes of diagenesis or weathering.

1,040 34 References: 1002, 1003, 1004, 1005, 1013, 1094

1 3 5 7 9 11

5. Thermogravimetric examination of soils for soil mechanical and construc-
tion-geological application.

Reference: 1059
10

6. Determination of the degree of weathering of rocks.

The weathering of rocks means the destruction of primary minerals, mainly by
the activity of water. This hydration of components results in the formation of
hydroxides or clay minerals.

20

palessoil a) The peak area of dehydration and dehydroxylation effects in the DTA curve
may characterize the weathering of granitic rocks.

Reference: 1009

[w] yadap
»
=

b) Weathering curve of loess sections based on the measuring of molecular
40 water and OH content of the samples (Figure 14.6b). This curve also indicates
indirectly the palaeoclimate as soil development is a process of weathering of
loess layers in the more humid, warmer climate of intergalcials.

. References: 209, 332, 716

7. Temperature of metasomatic rock alteration of andesitic magmatites.

In the Velence Mts heavily altered andesite volcanics belonging to silicate and
) - . sulphate series acidic and intermedier metasomatism were investigated with dif-

fl'li‘/’;zfla“lggssvsgtelit:i"l‘i réﬁiﬁf&tgﬁg ferent temperatures. Temperature zones are assigned well by the molecular water

Uh-22 (Hungary), based on the molecular content of clay minerals in the sample (Figure 14.7).

and hydroxid water content measured from .
TG curves Reference: 206

60
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Figure 14.7. Relationship between the interlayer water
content and the metasomatic alteration temperature in
the Borehole Pdzmand-2, Hungary

8. Kaolinite genetic and thermoanalytical
parameters.

Based on measuring 362 different genetic
kaolinite occurrences, the three best crystallinity
parameters for the characterisation are summa-
rized in Table T14.8. The temperature intervals of
genetic types is shown on Figure 14.8a.

Figure 14.8b. presents that the order of
structure increases during the diagenetic
processes, and may reach the values of the
kaolinite of hydrothermal genesis.

Interesting and new conclusions also from
the temperature of the exothermic peak may be
drawn (Figure 14.8c). For example diagenesis
influences not only the temperature of dehy-
droxylation but that of exothermic reactions
(see palaeosoils from different ages) as well or
the two different groups of data in the sand-
stone may indicate the different original gene-
sis of the kaolinite content.

References: 324, 330, 331

9. Degassing behavior of natural glasses
and implications for their origin.

Degassing experiments showed that a
remarkable difference existed between glasses
from a range of geological environments. The
gas release profiles of natural glasses can be
divided into three groups: volcanic glasses,
impact glasses and silica glasses and tectites.
Gas release curves are suitable tools for the iden-
tification of vitreous samples of unknown origin.

Reference: 468

Table T14.8. Characteristic thermal parameters of crystallinity for kaolinite of different

genesis
T, of Activalion lemperature
Cenetl Genlogical Number | dehydroxylation ENETEY of the .
cnetic type . N ] ; o= eaothermie
ellect ol samples () (joule/mal) e
peak
medn
Iligh temperature
hydrothermal temperature 3l 669 137 H94
Low temperature
hydrothermal temperature 34 573 147 991
Paeleosudl (Devontin) dlugenests 4 577 139 996
Palaeosonl (Triassic) digzeness 5 563 134 968
Lerresinal sundstune 40 364 133 964
Tow temperature
weathering 09 564 133 9359
Bauxite 114 360 130 61
Palacosoil (Pleistocenc) 58 547 115 932

|0h.$2_hta’rpmm.rehydmﬂ1mnl m Jow temp erature hydrothermal A baite O wheathering # terrestrial

Figure 14.8a. Characteristic thermal decomposition temperature for kaolinite of dif-

ferent genesis compared to Mesa Alta kaolinite
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Figure 14.8b. Characteristic thermal parameters for kaolinite of different diagenetic
stage compared to hydrothermal kaolinite
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10. Meteorites
References: 643, 1025

11. Thermal analytical study of fossil
resins

Differential and thermogravimetric analy-
ses of resins show a progressive change in
their combustion profiles with increasing age.
Differences between modern resins and
Pleistocene Kauri gums are minimal.
Diagenetic changes accompanying thermal
maturation reveal a reduction in intensity of
thermal responses below 200 °C and a pro-
gression in the temperature of the major ther-

Figure 14.8c. Peak temperature of exothermic reaction for kaolinite of different genesis

mal combustion event, from 350—450 °C in
the younger resins, to 450-580 °C in the
40 000 000-year-old copals. These variations

in thermal behaviour correlate with a reduction in undersaturated bonds and functionalized groups, and an increase in the pro-
portion of aromatized groups that characterize resin aging. Used judiciously, thermal behavior may indicate maturation histo-

ries and resin associations.
References: 513, 909, 911

12. Temperature of carbonate precipitation of lacustrine travertines.
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Figure 14.12b. Corrected decomposition temperature of travertine sample from different
locallities

O Buda-Virhegy travertine, 4 Budakalasz travertine, A Szomdd, Les Hill

TA data give comparable results with those of oxygen and carbon stable isotope composition (Figure 14.12a) and offer
a new way to estimate the temperature of carbonate precipitation as may be seen on Figure 14.12b. in the case of travertine

limestone from different localities.
Reference: 339

13. Rapid screening of soil properties

For mineral soils, different soil properties (organic C, total N, clay, and CO,-C) correlated closely with a specific tem-

perature interval of weight losses.
Reference: 995

14. Other references of special geological applications: 239, 325, 649, 1012, 1129
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carbonate-apatite — 132
carletonite — 120
carnallite — 45, 133, 134
carrboydite — 120
carrollite — 55
cefarovicite — 132
celadonite — 75, 84, 109
celestine — 40, 130

cerussite — 40, 45, 107, 108, 110, 111, 120

chabasite — 36, 44, 105, 106, 107

chalcanthite — 38, 40, 41, 42, 45, 121, 122,

129, 130
chalcocite — 44, 50, 51, 54, 55
chalcophanite — 60
chalcopyrite — 44, 49, 50, 51, 54, 55
chalcostibite — 51
chamosite — 42, 85
charoite — 94, 95
chiavennite 107

chlorite — 42, 44, 82, 85, 86, 88, 91, 112,

114
chlorite-vermiculite — 87, 88
chloromagnesite — 45
chrysocolla — 94
chrysotile — 68, 72, 73, 74
cinnabar — 22, 43, 50, 51, 53
clausthalite — 50
clinochlore — 85
clinoptilolite — 36, 103, 107
coal — 43, 135, 136
cobaltite — 50, 54, 55
colemanite — 40, 133
collinsite — 132
cookeite — 85
copiapite — 129, 130
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coquimbite — 130

cordierite — 76, 78, 89, 94

cordilyte — 120

coronadite — 60, 61

cotsubeite — 85

covellite — 44, 50, 51, 54, 55

cowlesite — 106

crandallite — 25, 132

cristobalite — 44, 55, 56, 74, 75, 76, 78, 80,
89, 90, 94

crocidolite — 95

cronstedtite — 68, 74

cryolite — 45, 134

cryptomelane — 60, 61

chrysocolla — 44

cubanite — 55

cyanotrichite — 130

dachiardite — 106

dahlite — 132

dawsonite — 44, 45, 117, 119, 120

deficient boehmite — 62

delessite — 85

desmite — 107

destinezite — 132

deweylite — 74

diadochite — 44, 131, 132, 133

diaspore — 64, 65, 66, 137

dickite — 53, 68, 69, 70

digenite — 50, 51, 55

dioptase — 94

djurleite — 51

dolomite — 41, 43, 52, 62, 84, 111, 112,
113, 114, 115, 120

donbassite — 85

dufrenite — 132

dundasite — 119, 120

dypingite — 118

eardleyerite — 120

edingtonite — 98, 107

elisavetite — 67

elite — 132

enargite — 55

enstatite — 44

epidesmine — 107

epidote — 91, 93

epistilbite — 106, 107

epsomite — 38, 45, 121, 129, 130, 133

erionite — 105, 107

erythrite — 132, 133

eucairite — 54

evansite — 132, 133

ezcurrite — 133

falcondoite — 42, 68

faujasite — 106, 107

fels6banyaite — 121

feroxyhyte — 67

ferrierite — 106

ferrihydrite — 37, 57, 58, 59, 60

ferroselite — 54

fibroferrite — 90, 129, 130

fireclay — 68, 69, 70

florencite — 132

fluorite — 134

forsterite — 44

fossil resins — 140

frankeite — 54
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gadolinite — 93

galena — 50, 54, 111

garnierite — 42

garronite — 106

gaylussite — 119, 120

germanite — 55

gersdorffite — 50, 54, 55

gibbsite — 23, 27, 34, 40, 42, 61, 62, 65,
66, 67, 137

gismondine — 100, 107

glaserite — 45, 121, 129, 130

glauberite — 45, 121, 129, 130

glauconite — 35, 75, 84

glaucophane — 95

glaudiusite — 132

gmelinite — 104, 105, 107

gobbinsite — 106

goethite — 27, 42, 57, 62, 64, 65, 66, 79,
94, 109, 112, 128

gonnardite — 96, 97, 107

gorceixite — 131, 132, 133

gorgeyte — 121

goslarite — 38, 40, 129, 130

graphite — 43, 48, 49, 120

greenalite — 42, 74

greenockite — 50, 55

greigite — 55

grimselite — 120

guanajuatite — 54

gypsum — 39, 45, 112, 121, 125, 129, 130

haidingerite 132, 133

halite — 45, 113, 133, 134

halloysite — 34, 68, 69, 71

halotrichite — 126, 130

harmotome — 101, 107

hauerite — 54, 55

hausmannite — 44, 60, 61

heazlewoodite — 50

hectorite — 74

hematite — 44, 46, 57, 58, 65, 74, 80, 94,
109

hematogelite — 44, 57

hemimorphite — 44, 93, 94

herzenbergite — 44, 45, 51

heulandite — 102, 103, 107

hexahydrite — 121, 124, 125, 130

hibschite — 93

hillebrandite — 95

hinsdalite — 132

hisingerite — 71

hollandite — 61

hornblende — 95

hornesite — 132, 133

humboldtine — 134, 135

huntite — 111, 113, 120

hurlbutite — 132

hyalophane — 107

hydroantigorite — 73, 74

hydrobasaluminite — 121, 129, 130

hydrobiotite — 81, 82

hydroboracite — 133

hydrocalcite — 120

hydrocerussite — 119, 120

hydrogrossular — 93

hydrohonessite — 120

hydromagnesite — 118, 120

hydromica — 31, 41, 44, 83, 84

hydromuscovite — 83, 84

hydroniumjarosite — 129, 130

hydrotalcite — 118, 120

hydroxylapatite — 132

hydrozincite — 119, 120

illite — 35, 42, 52, 64, 75, 83, 84, 87, 88,
112, 114, 124

illite-montmorillonite — 87

inderite — 133

interstratified chlorite-saponite — 88

inyoite — 133

iowaite — 120, 134

iquiqueite — 133

jalpaite — 51, 55

jamesonite — 54

jarosite — 40, 121, 128, 129, 130

jokukoite — 130

kaatialaite — 132

kaemmererite — 85

kainite — 45, 130, 134

kaliborite — 133

kalicinite — 45, 108, 116, 120

karikite — 132, 133

kaolinite — 17, 23, 24, 25, 26, 34, 41, 42,
43,44,52, 61, 62, 65, 66, 68, 69, 70, 71,
72,91, 112, 124, 128, 131, 137, 139, 140

kaolinite-smectite — 88

katoite — 93

kemmlitzite — 132

kernite — 133

kershenite — 132

kieserite — 38, 39, 40, 121, 129, 130

kingite — 132

kintoreite — 132

kischtymite — 119, 120

klockmannite — 54

konyaite — 129

kutnahorite — 41, 109, 111, 115, 116, 120

langbeinite — 45, 121, 130

lansfordite — 119, 120

laumontite — 99, 100, 107

lavendulaite — 133

lazulite — 44, 45, 130, 131, 132

leadhillite — 120

ledikite — 42, 75

leonhardite — 99, 100, 107

leonite — 45, 129, 130

lepidocrocite — 64, 65

lepidolite — 75, 83

leuchtenbergite — 85

leucite — 45, 82, 83, 99

levyne — 106, 107

libethenite — 132

lindbergite — 135

linnaeite — 54

lithiophorite — 67

lithiophyllite — 132

lizardite — 72, 74

loewigite — 45, 130

I6llingite — 54, 55

loweite — 121, 129, 130

ludlamite — 132

luneburgite — 132

macallisterite — 133

maghemite — 46



magnesite — 40, 41, 107, 109, 111, 112,
113, 120

magnetite — 43, 44, 46, 57

malachite — 117, 119, 120

mallardite — 40, 121, 130

manasseite — 120

manganite — 42, 60, 64, 65

manganocalcite — 108, 120

manganosiderite — 120

manganosite — 60, 61

mansfieldite — 132

marcasite — 44, 50, 51, 53, 54, 55

mascagnite — 40, 121, 122, 130

massicote — 45

matildite — 54

mckinstryite — 51

melanterite — 38, 40, 121, 123, 129, 130

mellite — 135

merlionite — 106

mesolite — 96, 107

meta-aluminite — 121

meta-alunogen — 121

meta-basaluminite — 121, 129

metasideronatrite — 130

metastrengite — 132

metatorbernite — 132

metavariscite — 132

metavivianite — 132

metazeunerite — 132

meteorite — 140

miargyrite — 54

millerite — 44, 45, 50, 51, 54, 55

mimetesite — 132

minnesotaite — 74

mirabilite — 45, 129, 130

molybdenite — 50, 54, 55

monacite — 132

monetite — 132

monheimite — 120

montebrasite — 132

montmorillonite — 29, 30, 31, 32, 33, 34,
35, 42, 52, 64, 65, 74, 76, 717, 78, 79,
92,112, 114

moolooite — 135

moraesite — 132

mordenite — 36, 101, 102, 107

morenosite — 38, 40, 45, 121, 129, 130

mounanaite — 132

mountainite — 107

mullite — 44, 68, 70, 74, 75, 76, 78, 82, 83,
91

muscovite — 35, 42, 52, 75, 82, 83, 84, 138

nacholite — 120

nacrite — 69

nahcolite — 119, 120

natrite — 40, 45, 107, 108

natrolite — 36, 95, 96, 97, 98, 107

natural glasses — 139

naumannite — 54

nepheline — 107

nephrite — 95

nesquehonite — 117, 120

newberyte — 132

niccolite — 50, 55

nickeline — 54, 55

nickolsonite — 119, 120

nimite — 85

niter — 45

nitratine — 45

nontronite — 42, 74, 80
nordstrandite — 34, 62
norsethite — 45, 120
nsutite — 60, 61

offretite — 106

oligonite — 120

olivenite — 132, 133
olivine — 44

opal — 37, 55, 56
orpiment — 50, 54, 55
otavite — 40, 107, 120
oxalite — 134

oxammite — 135
oxikersheinite — 132
palygorskite — 36, 39, 40, 88
pandermite — 133
paragonite — 82, 83
parascorodite — 132
parasepiolite — 75
parasite — 120
paratacamite — 134
paravauxite — 132
pargasite — 95

parisite — 119, 120
partheite — 107
paulingite — 106, 107
pectolite — 95

peisleyite — 132
pennantite — 85

pennine — 85
pentahydrite — 121
pentlandite — 50, 51, 54, 55
perlite — 37, 38, 136, 137
phillipsite 100, 101, 107
phlogopite — 42, 75, 83
phosphates — 44
phosgenite — 120
phosphorite — 132
pickeringite — 129, 130
picromerite — 45, 130
picropharmacolite — 132
piemontite — 93

pinnoite — 133

pirrsonite — 120

pisanite — 130
pistomesite — 110, 119, 120
plombierite — 91
plumbocalcite — 120
plumbogummite — 132
plumbojarosite — 129, 130
plumbonacrite — 120
podolite — 120

polyhalite — 45, 129, 130
portlandite — 40, 41, 42, 61, 63
potassium-alum — 126, 127
prehnite — 90, 91
prochlorite — 85
protodolomite — 113, 120
proustite — 54, 55
pseudoboehmite — 34
pseudomalachite — 132
pseudothiiringite — 85
psilomelane — 60, 61

pumpellyte — 91

pyrargyrite — 54

pyrite — 46, 50, 52, 53, 77, 79, 90, 91, 92,
131

pyroaurite — 120

pyrochroite — 61

pyrolusite — 43, 44, 60, 65

pyrophyllite — 42, 43, 74, 75, 76

pyrrhotite — 44, 46, 50, 51, 53, 54, 55

quartz — 17, 19, 20, 44, 55, 56, 59, 80, 87,
138

rabdophane — 132

rammelsbergite — 51

rancieite — 60, 61

realgar — 51, 54, 55

rectorite — 86, 88

reevesite — 120

rhodesite — 107

rhodochrosite — 40, 41, 43, 107, 108, 109,
120

rhodonite — 95

richterite — 95

ripidolite — 85

rivadavite — 133

riversideite — 91

roggianite — 106, 107

romanechite — 60, 61

rosasite — 120

roselite — 132

rozenite — 121, 123, 129

romerite — 125, 126, 129, 130

rusakovite — 133

rutherfordine — 119, 120

sampleite — 132

sanderite — 121

sanjuanite — 132

santabarbaraite — 133

saponite — 42, 74, 80, 81

saponite-swelling chlorite — 87

sarabauite — 55

sdrospatakite — 87, 88

sdrospatite — 87, 88

sassolite — 40, 42, 61, 63, 133

sauconite — 74

scarbroite — 120

scawtite — 120

schoenite — 45, 129, 130

schrockingerite — 119, 120

schroderite — 132

schroedingerite — 120

scolecite — 98, 107

scorodite — 132, 133

scorzalite — 132

scutterudite — 54, 55

sepiolite — 88, 89

sericite — 35. 84

serpentine — 42, 44, 72, 73, 74

shandite — 51

siderite — 23, 24, 40, 41, 43, 107, 108, 109,
110, 115, 120

sideronatrite — 130

siderotile — 121

siegenite — 55

sigolite — 132

silver — 31, 45

sjogrenite — 120
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skutterudite — 55

slavikite — 129

smectite — 29, 30, 33, 34, 42, 44, 76, 78,
79, 81, 84

smithsonite — 40, 107, 120

smythite — 55

soda — 24, 45, 120

soil, palaesosoil — 57, 108, 112, 125, 137,
138, 139, 140

sphalerite — 50, 51, 54

spinel — 44

spherocobaltite — 120

stannite — 54, 55

starkeyite — 121, 130

steigerite — 133

stellerite — 106

stephanite — 51, 55

stewartite — 132

stibnite — 43, 45, 51, 55

stichtite — 120

stilbite — 36, 50, 104, 106

strengite — 132

stromeyerite — 51, 55

strontianite — 40, 45, 107, 108, 120

strunzite — 132

struvite — 132

sudoite — 42, 85

sulphates — 40, 41, 50, 121, 129

sulphides — 27, 43, 44, 49, 50, 51, 52,
54

sulphur — 22, 43, 44, 45, 48, 52

surite — 120

svanbergite — 132

sylvite — 45, 134

syngenite — 45, 121, 129, 130,

synhysite — 120

szdjbelyite — 133

szomolnokite — 121, 124, 130

tachyhydrite — 133, 134
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takovite — 120

talc — 42, 74, 75, 76
talc-saponite — 87, 88
takanelite — 60

taranakite — 132

teallite — 51

tennantite — 51, 54, 55
teruggite — 133
teschemacherite — 116, 120
tetradymite — 45, 50, 51, 54
tetrahedrite — 49, 54, 55
tetranatrolite — 95, 96, 107
thaumasite — 120
thenardite — 45, 130
thermonatrite — 120
thomsonite — 97, 107
thuringite — 42, 85
titanohematite — 46
tobermorite — 90, 91
todorokite — 60, 61

topaz — 91, 93

torbernite — 132

tosudite — 86

tourmaline — 94

tremolite — 95

tridimite — 44, 55, 56
triphyllite — 132

troilite — 54, 55

trona — 45, 108, 119, 120
tschermigite — 127, 129, 130
tungstenite — 54

turquoise — 132

tuzlaite — 133

tyrolite — 132, 133
tysonite — 119, 120

ulexite — 133

ullmannite — 45, 50
uranothallite — 119, 120
vaesite — 51, 92, 93

vajdakite — 132

valleriite — 55

vanthoffite — 45, 121, 130

variscite — 132, 133

vashegyite — 132

vaterite — 45, 120

vermiculite — 81, 82

vernadite — 60, 61

vesuvianite — 91, 92, 93

violarite — 55

vivianite — 43, 130, 132, 133

voglite — 120

volkonskoite — 74

voltaite — 126

wad — 60, 61

wagnerite — 132

wairakite — 44, 106

wardite — 132

wavellite — 132, 133

weddelite — 135

wellsite — 106

whewellite — 134, 135

wiartite — 120

witherite — 40, 45, 107, 108, 120

willemite — 44

woodhouseite — 132

wurtzite — 55

yugawaralite — 106, 107

zaratite — 120

zemKorite — 120

zeolites — 22, 26, 38, 44, 95, 96, 98, 100,
101, 102, 104, 106, 107

zepharovichite — 132

zincdibraunite — 61

zinwaldite — 75, 83

zoizite — 91, 93

zunyite — 91, 92, 93

zykaite — 132






